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Abstract 
In Greece, biodiesel, in the form of Fatty Acid Methyl Esters (FAME), is produced since 2005 and 
currently mixed in the Diesel fuel at about 5.5% vol., this percentage being slowly but steadily increasing. 
The production capacity of existing biodiesel factories in Greece can supply the required quantities to 
increase the biodiesel blending percentage up to 15%, provided that the necessary vegetable oil and 
recycled oil quantities should become available and prices be favorable. According to Greek legislation, at 
least 30% of the raw material must be domestically produced. This need is covered mainly by recycled 
cooking oils and only secondarily by energy crops in Northern Greece. The production of biodiesel from 
local factories in Greece was regulated by means of distributing an annual quantity of biodiesel among the 
factories, based on an algorithm that is modified every year. Automotive manufacturers allow running of 
modern diesel powered passenger cars on blends of biodiesel up to B20-B30, provided that certain 
additional maintenance measures are taken, including more frequent fuel and oil filter changes, along with 
inspection of engine oil level and the fuel lines and injection system components for possible leaks. In order 
to ensure customer’s acceptance, standardization and quality assurance are key factors for the market 
introduction of biodiesel as transport fuel. This PhD thesis examines the effect of biodiesel fuel on 
performance, efficiency, emissions and injection system durability of conventional and modern Diesel 
engines under steady state and transient operating conditions. 
These include a better understanding of the engine ECU operation with a high biodiesel (FAME) blend in 
modern common-rail injection Diesel engine, the study of the biodiesel combustion analyzing the captured 
indicator graphs, the investigation of the filter regeneration behavior by means of the infrared 
thermography on a small filter module and in-house computational tool and the study of biodiesel 
atomization and injection characteristics by means of the Laser Doppler Velocimetry technique. 
In the first part of the Thesis, a better understanding of the engine ECU operation with a high biodiesel 
(FAME) blend in modern common-rail injection Diesel engines is attempted. This understanding is applied 
to the explanation of the observed effects on the engine performance and emissions characteristics with 
this engine category. The results are compared to the relatively scarce works reported in the specialized 
literature for the specific engine category and high blending ratios. Also, the effect of biodiesel blends in 
the transient fuel system and engine operation is examined. Furthermore, the effect of prolonged engine 
operation at a high biodiesel blend on the fuel system and the engine components is investigated. 
In the second part of the Thesis, the effect of low percentage biodiesel blends on the diesel filter loading 
and regeneration behavior of a conventional, single cylinder Diesel engine with low pressure injection 
system is presented. A fuel additive is employed in order to perform filter regeneration at relatively low 
exhaust temperatures. The effect of the biodiesel on the filter regeneration is further investigated by 
means of infrared thermography on a small filter module and in-house computational tool. In addition, the 
effect of biodiesel on injection characteristics is investigated by means of Laser Doppler Velocimetry 
technique.  
Τhe results enhance our understanding of the engine ECU behavior with the high percentage biodiesel 
blends. Certain modifications to engine ECU maps and control parameters are proposed and discussed, 
aimed at improvement of transient performance of modern engines run on high percentage biodiesel 
blends. However, a high pressure pump failure that was observed after prolonged engine operation with 
the B70 blend, hints to the use of more conservative biodiesel blending in fuel that should not exceed 30% 
for common rail engines.  
The observed benefits as regards the DPF extend also to the faster evolution of regeneration and the 
lower overall filter wall temperatures with favorable effects on the filter durability.    
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Nomenclature 
A pre-exponential factor of reaction rate expression, [mole/(m3s)] 
A/F air to fuel ratio 
Ap plunger area, [mm
2] 
(A/F)st stoichiometric air to fuel ratio 
B bulk modulus, [Pa] 
bsp fuel delivery per stroke (fuel consumption), [mm
3/st.] 
c speed of sound, [m/s] 
dj diameter of the undistributed jet, [μm] 
E activation energy, [J/mole] 
Estr fuel energy input per stroke, [J/st] 
Hu lower heating value, [MJ/kg] 
m mass, [kg] 
mf fuel mass flow rate, [kg/s] 
mfr mass flow rate, [kg/s] 
Oh Ohnesorge number, [-] 
p injection pressure, [bar] 
P engine power [kW] 
r rate of reaction, [mole/(m3s]  
R universal gas constant, [8.3144 J/(moleK)] 
Re Jet Reynolds number, [-] 
t time, [s] 
T temperature, [K] 
u plunger velocity, [m/s]  
V relative velocity of the ambient gas, [m/s] 
V volume of compressed fuel, [m3] 
We Jet Weber number, [-] 
y oxygen molar fraction, [-]  
Greek letters 
β coefficient of volume thermal expansion, [K-1] 
ηth thermal efficiency, [%] 
θ crank shaft angle, [deg] 
λ lambda = (A/F)/(A/F)st [-] 
μ dynamic viscosity, [Pa s] 
ρ density,  [kg/m3] 
ρ0 density at 15
oC, [kg/m3] 
σ surface tension, [N/m] 
ψ fractional extent of the catalytic additive oxidation, [-] 
Abbreviations 
AMD Area Mean Diameter, [μm] 
BM isentropic Bulk Modulus, [Pa] 
bmep brake mean effective pressure, [bar] 
bsfc brake specific fuel consumption, [g/kWh] 
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CA Crank Angle, [deg] 
COV Coefficient of Variation 
DI Direct Injection 
DoE Design of Experiment 
DPF Diesel Particulate Filter 
ECU Engine Control Unit 
EGR Exhaust Gas Recirculation 
FAME Fatty Acid Methyl Ester 
HSDI High Speed Direct Injection (engine) 
imep indicated mean effective pressure, [bar] 
ITA Injection Timing Advance 
LTTE Laboratory of Thermodynamics and Thermal Engines 
NOP Nozzle Opening Pressure 
PM Particulate Matter 
PN Particle Number 
PWM Pulse Width Modulation 
SMD Sauter Mean Diameter, [μm] 
TGA Thermo-Gravimetric Analysis  
UEGO Universal Exhaust Gas Oxygen (sensor) 
VMD Volume Mean Diameter 
VOF Volatile Organic Fraction 
 
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 17:59:23 EET - 137.108.70.7
10 
 
 
 
 
1. Introduction – Aim and Objectives of this Thesis 
According to the ambitious Vision Paper of the Biofuels Research Advisory Council [1], the European 
Union could replace 25% of its transportation fuels by biofuels until 2030. Due to the specific fuel balances 
existing in the European Fleet, that make Europe a net exporter of gasoline and importer of Diesel fuel it is 
estimated that this target would be most probably realized mainly by biodiesel (75% biodiesel-vs-25% 
bioethanol) [2]. In Greece, biodiesel, in the form of Fatty Acid Methyl Esters (FAME), is produced since 2005 
and currently mixed in the Diesel fuel at about 5.5% vol., this percentage being slowly but steadily 
increasing. The production capacity of existing biodiesel factories in Greece can supply the required 
quantities to increase the biodiesel blending percentage up to 15%, provided that the necessary vegetable 
oil and recycled oil quantities should become available and prices be favorable. According to Greek 
legislation, at least 30% of the raw material must be domestically produced. This need is covered mainly by 
recycled cooking oils and only secondarily by energy crops in Northern Greece. The production of biodiesel 
from local factories in Greece was regulated by means of distributing an annual quantity of biodiesel among 
the factories, based on an algorithm that is modified every year. The total quantity of biodiesel that is 
mixed in the Diesel fuel in Greece is relatively low during the last years, compared to the total production 
capacity of the 14 local factories that amounts to 800,000 m3. Besides the annual fluctuations, there is an 
overall increasing trend in the local factories’ production and the percentage of raw materials locally 
produced in Greek energy crops. Total Biodiesel production in Greece was about 164,000 m3 in 2010 and 
132,000 m3 in 2011. This corresponds to an overall blending ratio of about 5-7%.  Figure 1.1 presents the 
biodiesel production in Greece during the last 6 years.  
 
 
Figure 1.1. Biodiesel production in Greece during the last 6 years, from 2005 to 2011. 
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Biodiesel production in Greece started in 2005 with a total production of 51,000 m3. After that, a sharp 
increase was followed, reaching the values of 91,000 m3, 114,000 m3 and 123,000 m3 in 2006, 2007 and 
2008 respectively. In 2009, the last year before the economic crisis, the total biodiesel production was 
about 118,000 m3 and amounted to 4.1% of the total Diesel fuel consumption of 2,837,350 m3. On the 
other hand, the steady long-term increase of fuel prices, along with the severe taxation of fuel in Greece 
would make extremely profitable to produce biodiesel in small units operated by local farmers in Thessaly, 
to fuel their agricultural machinery. 
Nowadays, automotive manufacturers allow running of modern diesel powered passenger cars on 
blends of biodiesel up to B20-B30, provided that certain additional maintenance measures are taken, 
including more frequent fuel and oil filter changes, along with inspection of engine oil level and the fuel 
lines and injection system components for possible leaks. In order to ensure customer’s acceptance, 
standardization and quality assurance are key factors for the market introduction of biodiesel as transport 
fuel. 
According to a common statement by the diesel fuel injection systems manufacturer’s association [3], 
diesel fuel specifications (ΕΝ 590 in Europe, D6751 in the USA), should be regularly updated to allow for the 
gradually increasing percentage of biodiesel mixing (currently 5% but soon to be extended to 7%+3%). In 
this way, the injection system’s components are to be protected from possible secondary effects of fatty 
acid methylesters that include fuel leakage or filter plugging due to the softening, swelling or hardening and 
cracking of some elastomers and displacement of deposits from diesel operation, corrosion of aluminium or 
zinc parts in fuel injection equipment due to free methanol residues, filter plugging or corrosion of fuel 
injection equipment due to residues of FAME process chemicals, corrosion of fuel injection equipment or 
filter plugging due to hydrolysis of FAME by free water residues – bacterial growth, filter plugging or 
injector coking due to corrosion of non-ferrous metals by free glycerine residues, filter plugging – lacquer 
formation by soluble polymers in hot areas due to the precipitation of deposits, generation of excessive 
local heat in rotary distributor or supply pumps, due to the high viscosity of the biodiesel [4]. Also, further 
oxidation stability improvements are considered essential to the increase of biodiesel blending percentages 
above 20%. Resistance to oxidative degradation during storage is an increasingly important issue for 
biodiesel [5, 6]. 
The effects of biodiesel blends on the operation, performance and emissions of Diesel engines have 
been studied by a vast amount of published and unpublished research work, since 1980 [4, 7, 8].  The 
combustion of biodiesel in engines equipped with pump–line–nozzle fuel systems normally results in 
advancement of the start of injection and combustion, due to differences in chemical and physical 
properties of the fuels. Unit injector or common rail injection system – equipped engines do not exhibit the 
same behavior [9, 10].  
As a general trend, combustion of biodiesel blends reduces CO, HC and particulate emissions, both in 
older technology and modern diesel engines, depending also on the specific quality of biodiesel employed 
[11]. In addition to legislated pollutants, biodiesel is known to significantly reduce several unregulated 
pollutant species. 
As a general conclusion from the study of the specialized literature, one could say that the published 
research on the performance and emissions of modern, common rail injection engines with medium-to-
high percentage of biodiesel blending is limited. This observation was the main motivation factor for the 
first part of this thesis. 
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As a second conclusion from the literature search, the published research on the performance of Diesel 
Particulate Filters installed on engines run on biodiesel blends is also limited. This observation was the main 
motivation factor for the second part of this thesis. 
Overall, it should be emphasized that the production and use of biodiesel in Thessaly, that was the main 
motivating force behind this thesis and the associated research work of the Laboratory, remains a valid 
option today, in view of the increasing fuel prices, the significant fuel needs of the agricultural operations 
and the resulting good profitability of energy crops. The use of low –to- medium percentage biodiesel 
blends is expected to be a workable choice both for the common rail engines of modern agricultural 
tractors and the wide variety of older equipment that is and will be in use for many years to come. 
 
Based on the above reasoning and strategy, this thesis was designed to consist of two parts:  
In the first part, a better understanding of the engine ECU operation with a high biodiesel (FAME) blend 
in modern common-rail injection Diesel engines is attempted. This understanding is applied to the 
explanation of the observed effects on the engine performance and emissions characteristics with this 
engine category. The results are compared to the relatively scarce works reported in the specialized 
literature for the specific engine category and high blending rates [11-13]. Also, the effect of biodiesel 
blends in transient fuel system and engine operation is examined. Furthermore, the effect of prolonged 
engine operation at a high biodiesel blend on the fuel system and the engine components is investigated. 
In the second part of this thesis, we focus on the effect of low percentage biodiesel blends on the diesel 
filter loading and regeneration behavior of a conventional, single cylinder engine with low pressure 
injection system. A fuel additive is employed in order to perform filter regeneration at relatively low 
exhaust temperatures. The effect of the biodiesel on the filter regeneration is further investigated by 
means of infrared thermography on a small filter module and in-house computational tools. In addition, the 
effect of biodiesel on injection characteristics is investigated by means of Laser Doppler Velocimetry 
technique. 
 
The following diagram gives an overview of the contents of this PhD thesis and helps understanding the 
research strategy employed. 
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Figure 1.2. Thesis investigation strategy – Two type of diesel engines (modern and conventional) running on 
different operation modes, using high and low biodiesel blends in order to investigate corresponding 
operation variables.  
 
The most important novelties of this thesis are the following: 
(i) The effect of the use of a high percentage biodiesel blend – B70 – on the injection control, 
performance, emissions and durability of a modern, high pressure injection, common rail Diesel 
engine is studied and adds to the limited published research results in this subject.  
(ii) The effect of the use of medium percentage of biodiesel blends – B20, B40 – on the performance, 
injection, combustion and especially on the Diesel Particulate filter loading and regeneration 
behavior is assessed by novel experimental methods, assisted by modeling.   
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2. Literature search on the effect of Biodiesel on engine performance, 
emissions and DPF operation 
2.1 Literature review – common rail diesel engines with biodiesel 
Rapeseed biodiesel is in use in Germany since the early eighties. Its use has been progressively 
increasing in Europe and North America during the following years, adding different plant oils in the 
biodiesel mixture. An initial review of the specialized literature regarding the effects on engine 
performance and emissions, published by [7], soon became obsolete. The last decade was marked by an 
impressive expansion of international interest on biofuels, supported by a highly ambitious position by the 
European Union [1, 14]. However, a certain slowdown in the expansion of the use of biofuels is observed 
after 2008, that is due to skepticism about possible side effects on the prices of foodstuff [15], as well as 
the need to better study the plant-to-wheel efficiency and sustainability of biofuel production and use. 
Despite the slower increase of biofuels penetration in the market, the specialized research literature 
continues to expand. The interest is shifted to the third generation biofuels which employ low-priced 
agricultural by-products for their production [16]. 
An inclusive literature review on the general subject of the effect of biodiesel on engine performance 
and emissions, that covered more recent work done during the last decade was first presented in [8]. As 
regards the effects of biodiesel blends on CO and THC emissions, most researchers agree to a significant 
decrease when substituting conventional diesel fuel with biodiesel fuels. A review by EPA [17], pointed to a 
70% mean reduction in THC levels and about 50% in CO when the engine is fuelled by pure biodiesel 
instead of conventional diesel. The reasons proposed to explain this decrease included the oxygen content 
of the biodiesel itself, the higher cetane number of biodiesel which reduces combustion delay, the higher 
final distillation point of  diesel fuel (THC emissions), as well as the advance in injection and combustion 
timing. Nevertheless, further, significant research work with modern, common rail Diesel engines is 
necessary in order to better understand the effects of biodiesel blends on the injection, combustion and 
emissions of ultra-low emitting engines. Especially with the EURO-4 and EURO-5/6 engines, equipped with 
diesel particulate filters, which are now on the European vehicle fleet, it is necessary to study in depth the 
effect of biodiesel on the operation of the different filter [18] and regeneration technologies and engine 
durability effects due to oil dilution from post-injection [19-21]. 
NOx and Particulate Matter (PM) emissions are the main concern for modern Diesel engines, due to the 
high temperature, lean, diffusion flame of the Diesel combustion chamber. NOx and PM emissions of 
modern Diesel engines are very close to the legislated standards, which are becoming increasingly stringent 
[22]. For example, Euro 5 legislation reduces NOx and PM emissions of passenger cars from 0.25 and 0.025 
g/km up to 0.18 and 0.005 g/km, respectively, in the NEDC [23]. Moreover, EURO-5/6 legislation 
additionally checks particle number emissions. A solid particle number (PN) emission limit of 6 × 1011 km-1 
becomes effective at the Euro 5b/6 stage for all categories of diesel vehicles (M, N1, N2). The PN limit must 
be met in addition to the PM mass emission limits. PN emissions are measured over the NEDC test cycle 
using the PMP method [24]. The same limit will be applied to Direct Injection (FSI) gasoline vehicles. 
Number-based PN limits are significantly more stringent than the respective mass-based PM limits and 
reflect the well-established knowledge of the more severe health effects of nanoparticles with very low 
total mass, compared to larger micron-sized particles that make up for the larger part of the total 
particulate mass emitted by modern engines. [25, 26]. An improved understanding of the pollution 
reduction potential of biodiesel in modern Diesel engines would help car manufacturers to better adapt 
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their engines to the use of higher percentages of biodiesel, compromising between efficiency and cost. 
Also, it could suggest that local authorities further promote biodiesel use in urban areas with numerous 
diesel powered vehicles as a possible means of improving air quality. 
As regards diesel-powered cars and light commercial vehicles, Euro 5 emissions reduction requirements, 
effective until Euro 6 comes into force (2014), apply stringent limits for NOx emissions (80 mg/km) and 
particulate matter (4.5 mg/km). Starting from 2012, each manufacturer must adhere to an average CO2 
emissions limit equivalent to 130 g/km for all new passenger cars registered in the EU. The remaining 10 
g/km reduction necessary to meet the proposed 120 g/km target for the whole car industry by 2012, 
(average current levels: 160 g/km), is to be achieved partly by the increased use of sustainable biofuels. On 
23 April 2009, the European Union adopted the Renewable Energy Directive (RED) which includes a 10% 
target for the use of renewable energy in road transport fuels by 2020  [27]. The same target is shared by 
Brazil, Japan and Indonesia. China’s target for 2020 is 5%. U.S. aims at a 30% for 2030. Scepticism about the 
positive impact of biofuels has escalated recently. The observed trade-offs between food, animal feed and 
fuels and their impact on agricultural markets led to a debate over the role of biofuels in the 2007-08 food-
prices crisis that is slowing down the -initially more ambitious- legislative steps.  
According to a common statement by the diesel fuel injection systems manufacturer’s association [28], 
diesel fuel specifications (ΕΝ 590 in Europe, D6751 in the USA) should be regularly updated to allow for the 
gradually increasing percentage of biodiesel blending. In this way, the injection system’s components are to 
be protected from possible secondary effects of fatty acid methylesters that include fuel leakage or filter 
plugging due to the softening, swelling  or hardening and cracking of elastomers and displacement of 
deposits, corrosion of aluminium or zinc parts in fuel injection equipment due to free methanol residues or 
residues of FAME process chemicals, free glycerine, generation of excessive local heat in rotary pumps, due 
to the high viscosity of the biodiesel [4]. Also, further oxidation stability improvements are considered 
essential to the increase of biodiesel blending percentages above 20%. Resistance to oxidative degradation 
during storage is an increasingly important issue for biodiesel [5, 6]. Although no more than 20% biodiesel 
is normally blended in the fuel, the use of higher percentage blends has been tested and several research 
papers [29-31] have been published on the effect on the steady state engine performance and emissions. 
On the other hand, transient characteristics and fuel system’s dynamics are certainly affected by the use of 
high percentage biodiesel blends and this needs further investigation.  
2.1.1 Engine power and efficiency 
Biodiesel possesses a reduced gross heating value (on a mass basis) compared to diesel fuel. This holds 
true (to a lesser extent) also per unit volume and results in higher volume fuel consumption whenever 
diesel fuel is substituted by biodiesel. Thus, when the engine is tested on the test bench, maximum power 
is reduced unless the maximum fuel pump delivery per stroke is increased to compensate for the lower 
heating value reduction. Although the reported rated power reduction range at about 8% for B100 and by 
analogy to lower blends, there exist some variation around these percentages among different engines and 
researchers [32-36] (experimental errors are frequent in the measurement of fuel consumption in various 
cycles).In older injection systems on the other hand, the higher viscosity, which reduces the back flow 
across the piston clearance of the injection pump, may further compensate the loss in heating value. In 
addition, the higher bulk modulus and sound velocity of biodiesel [37-39], together with its higher viscosity 
[40], lead to an advanced start of injection. This, jointly with cetane number increase, may slightly advance 
the start of combustion, which sometimes may increase the power output. 
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Engine thermal efficiency, as calculated from brake-specific fuel consumption, is normally employed to 
compare the performance of different fuels, taking aside the effect of the difference in their Lower Heating 
Value. Most researchers observed no significant change in thermal efficiency when using biodiesel [8, 41]. 
However, thermal efficiency with alternative fuels should always be calculated with the necessary accuracy: 
that is, the heating value of the fuel must be measured, along with the fuel density, in the case of 
volumetric fuel flow rate measurement. Fuel density changes with temperature should also be taken into 
account [42]. 
2.1.2 NOx emissions 
Most of the literature reviewed in [8] shows either a slight NOx emissions increase with biodiesel blends, 
or no important effect at all. Increase in NOx in older technology engines is mainly attributed to the 
advancement in injection derived from the physical properties of biodiesel (viscosity, density, 
compressibility, speed of sound). The effect of the physical properties of biodiesel on the injection advance 
(with respect to the start of injection with diesel fuel) has been widely proved in older technology engines. 
When biodiesel is injected, the pressure rise produced by the pump propagates more quickly towards the 
injectors due to its higher sound velocity. In addition, the higher viscosity reduces leakages in the pump 
leading to an increase in the injection line pressure. Therefore, a quicker and earlier needle opening is 
observed with respect to diesel fuel.  
Nowadays, the injection cartographies are optimized by engine designers as a function of the NOx-soot 
trade-off [8]. Delaying injection can reduce the NOx emissions level, increasing of course PM emissions [14].  
Leung et al. [43] proposed that other injection parameters, in combination with injection timing, should be 
modified in order to eliminate the expected NOx emissions increase without any penalty in PM reductions.  
The effect of the increased oxygen availability on NOx emissions has also been examined by various 
researchers. Lapuerta et al. [8] concluded that the oxygen content of biodiesel could not cause any increase 
in NO formation because diffusion combustion occurs mainly in regions with oxygen-fuel ratio around the 
stoichiometric one, which is 2.81 for biodiesel with C:H ratio of 1.87 and 3.58 for a standard diesel fuel with 
C:H ratio 1.82. They argue that internal oxygen in the fuel molecule is not enough to compensate this 
difference.  
2.1.3 Particulate matter and smoke opacity  
The literature search made by [8] concludes that almost the majority of authors report a noticeable 
decrease in PM emissions with the use of biodiesel blends as fuel. However, this reduction in the solid 
fraction of the particulate (black carbon), is usually accompanied by an increase in the soluble organic 
fraction (SOF). Such an increase could be due to the lower volatility of the unburned hydrocarbons from 
biodiesel combustion, which favors their condensation and adsorption on the particles surface. Yamane et 
al. [44] carried out optical visualizations of the fuel jet and found that evaporation and air-mixing are 
slower with biodiesel. The following factors are reported to explain the particulate reduction by use of 
biodiesel: The oxygen content of the biodiesel molecule, which promotes combustion even in fuel-rich 
regions, the lower stoichiometric A/F of biodiesel combustion, which reduces the probability of fuel-rich 
regions. Also, the non-existence of aromatics in biodiesel fuels and the zero sulfur content of most biodiesel 
fuels, which prevents sulfate formation. Finally, it is known that biodiesel, despite its higher average 
distillation temperature, demonstrates a lower final boiling point. That is, heavy distillates that are 
unavoidably present in small quantities in Diesel fuel, are absent in biodiesel due to its natural origin. The 
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absence of such heavy hydrocarbons unable to vaporize, (soot precursors), reduces soot emissions [8, 45-
47]. 
2.2 Evolution of the modern diesel injection systems 
The variety of reported trends in the effect of biodiesel fuel blends on Diesel engine combustion can be 
mainly attributed to the variety of existing, older and modern fuel injection systems, especially for diesel 
passenger cars. Starting from the pre-chamber and swirl-chamber engines where the combustion was 
initiated at rich blend conditions in the pre-chamber and continued later in the main chamber, where the 
partially burned blend was injected, equipped with glow plugs for the preheating of the pre-chamber and 
rotary type fuel pumps, that distribute at 130-150 bar the fuel to the pressure-operated injectors, with the 
increased particulate emissions in transient operation, technology shifted during the nineties to the Direct 
Injection Diesel engines, with a distributor pump with increased injection pressure levels (180-250 bar) and 
some electronic parts. Thus, the passenger diesel cars acquired the well-known fuel economy, reliability, 
lower cylinder head thermal loading, lack of preheaters etc, advantages of the DI engines traditionally 
employed in trucks and buses. However, they also took their disadvantages, like the increased noise levels, 
and the difficulties to attain the increasingly stringent particulate and NOx emissions standards.  
Modern passenger car diesel engines are of the common rail, high pressure direct injection technology. 
A rotary pump supplies the common rail with high pressure (1300-2000 bar) fuel. The injectors are fed by 
this rail, controlled by an electric valve, based on ECU signals. These engines are more quiet and cleaner as 
regards emissions, especially during acceleration, due to the improved control of combustion, by means of 
dividing injection in pilot injection, main injection and also possibly post-injection (when necessary for 
exhaust temperature increase to induce regeneration of the diesel filter).  
Diesel engine emissions are known to be affected by fuel quality, engine operation temperature, 
combustion chamber type and technology, fuel injection system technology, engine operation point and 
operation conditions. During the last fifteen years, engine exhaust emission standards in Europe, measured 
according to the NEDC (New European Driving Cycle), evolved from Euro 1 (1993 – CO < 3.16 g/km, 
HC+NOx< 1.13 g/km, particulate < 0.16 g/km) to Euro 5 (2009 - CO < 0.5 g/km, (HC+NOx)< 0.23 g/km, NOx < 
0.18 g/km, particulate < 0.005 g/km) and beyond (EURO 6, 2014). Especially the NOx and particulate 
standards are extremely stringent – the latter require the use of a particulate filter as standard equipment 
in modern diesel passenger cars. 
Fuel quality improves, with gradually diminishing sulfur content (e.g. EN-590: 1996: 0.05 %, 2005: 50 
ppm, 2009:10 ppm). Also, the cetane index is increasing and the use of additives assisting emissions 
reduction is tolerated. 
Injection pressure in common rail systems can be controlled irrespective of engine rpm, and stays 
constant during the injection phase. The accurate control of injector opening and closing by the 
microcomputer, allows for a wide range of possibilities for tailoring the injection and combustion curve by 
the engine manufacturer. The injected fuel quantity can be divided in separate parts, as the pilot injection 
which reduces engine noise due to self-ignition of the initial injected quantity, as well as the NOx formation. 
This small quantity of fuel (1 - 4 mm3) allows for a more regular combustion, with a gradual increase of 
temperature and pressure in the combustion chamber. The microcomputer control of all injection 
parameters, based on previously defined maps that are saved in the ECU memory, allow the optimization 
of steady state and transient engine operation. 
The high pressure pump has been designed to supply significant fuel quantities with respect to the 
engine needs. The surplus quantity returns to the tank by means of a leak orifice that is controlled by the 
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pressure regulator. The pressure regulator controls the rail pressure, based on the engine speed and load. 
The required pressure value is computed by the ECU and confirmed based on the information fed back by 
the rail pressure sensor. Rail pressure varies between 280 bar (low load) and 1400 bar (high load), or even 
more, up to 2000 bar [48]. 
The injection pressure control loop is based on the determination, by the ECU, based on rpm and load, 
of the target value of the injection pressure. This value is fed to the pressure regulator. The actual rail 
pressure is fed back to the ECU to complete the control loop. The activation time of the injector solenoid 
valve varies between 200 - 1200 μs.  
In contrast with older injection systems, the ECU determines independently the injected fuel quantity and 
injection advance. The injected fuel quantity is determined by the ECU, by means of a combination of rail 
pressure and injection duration. The regulation of the fuel quantity is based on the estimation by the ECU, 
based on the respective sensors’ signals and the rail pressure signal and the respective maps, of the 
required fuel quantity and the respective duration of injectors’ current.  
The rail pressure significantly affects the injected fuel quantity per degree Crank Angle, as well as the 
degree of atomization of the fuel. The injector opening duration, the injector needle lift and the number 
and diameter of injection orifices are the main factors determining the fuel delivery per stroke. 
The engine ECU takes into account the following sensor’s signals: 
 
 throttle position 
 cooling water temperature 
 fuel temperature 
 engine speed and crankshaft position 
 ambient absolute pressure and intake manifold pressure 
 vehicle speed 
 activation of braking and clutch decoupling contact 
 intake air mass flow rate and temperature. 
 EGR valve position 
 compressor boost pressure. 
 
The ECU takes additionally into account the respective engine operating mode, i.e. engine startup 
(additional fuel delivery for startup), engine idle (idle fuel flow rate), normal operation, cold start, 
acceleration fuel enrichment etc. 
An important sensor for the operation with biodiesel fuel blends is the fuel temperature sensor, normally 
of the CTN type, usually placed on the rail or on the fuel return circuit. This sensor’s signal allows the ECU to 
correct the injected fuel quantity, to make up for the fuel viscosity decrease with temperature. 
2.2.1 Injection system dynamics  
Dynamic fuel phenomena in common rail system components can cause sensible injection 
perturbations. The wave propagation phenomena following each injection event cause pressure oscillations 
that affect the injected fuel quantity [49]. The rail pressure is affected by the system dynamics due to the 
finite volume capacity of the rail. Most researchers investigated the injection pressure fluctuations and 
dynamic effects on multiple injection common rail system operation by means of test-bench experiments. 
Experiments carried out in a Bosch injector test bench showed that a proper control of the solenoid valve 
allowed drastically reducing the variability of the pilot pulses [50]. Ubertini [51] presented a physical model 
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that takes into account the geometry of the rail and the fuel properties, to simulate pressure fluctuations 
immediately upstream the CR injector. He concluded that the pressure oscillation frequency is a function of 
the rail’s main dimensions and the speed of sound.  
2.2.2 Transient engine performance 
Transient engine performance is increasingly studied during the last three decades, dating back to the 
classical works by Watson and Janota [52], Horlock and Winterbone [53]. Nowadays, experimental and 
computational studies of performance, emissions, injection characteristics and turbocharger parameters 
during transient operation using pure diesel but even biodiesel blends appear in various published works. 
Wijetunge et al. [18] studied the dynamic behavior of a high speed direct injection diesel engine equipped 
with CVT (continuously variable transmission) and VGT (variable geometry turbine) under steady state and 
transient operating conditions. They analyzed the changes of boost pressure, EGR and valve position and 
their effect on emissions, reporting deviations between transient and steady-state HC emissions. In the 
same manner the transient responses of different types of VGT were investigated by [54]. A detailed study 
on the transient modeling of common rail diesel engines has been presented in [55, 56]. The authors 
investigated diesel engine transient operation by means of experiments and simulation codes on an HSDI 
turbocharged diesel engine equipped with VGT.  
In the common rail, high pressure direct injection engines, a rotary pump supplies the rail with high 
pressure fuel. The injectors are fed by the rail based on ECU signals. These engines are cleaner, especially 
during acceleration, due to the improved control of combustion by means of dividing injection in pilot 
injection, main injection and possibly post-injection, to induce regeneration of the diesel filter. Injection 
pressure in common rail systems can be controlled irrespective of engine speed and stays constant (on the 
average) during the injection phase. Accurate control of injector opening and closing by the 
microcomputer, allows for a wide range of possibilities for tailoring the injection and combustion curve.  
The capabilities of microcomputer control are increasingly exploited by the engine manufacturers, as 
the detailed analysis of the common rail injection and combustion is increasing our understanding of the 
phenomena involved and the effect of the fuel properties on the process. The surplus fuel quantity 
supplied by the pump returns to the tank by means of a leak orifice that is controlled by the pressure 
regulator, controlling the rail pressure, based on the engine speed and load. The required pressure levels 
are computed by the ECU and confirmed based on the information fed back by the rail pressure sensor. Rail 
pressure varies between 280 bar (low load) and 1400 bar (high load), or even more, up to 2000 bar [48]. 
2.3 Combustion characteristics 
Several researchers investigated the effect of biodiesel blends on combustion characteristics such as 
peak cylinder pressure, pressure rise rate, combustion duration, heat release rate, by conducting 
experiments on direct injection diesel engines.  
Zhang et al. [57] and McDonald et al. [58] investigated the combustion characteristics of direct injection 
diesel engines using blends of methyl, isopropyl and winterized methyl ester of soybean oil with diesel fuel. 
They found that all fuel blends had similar combustion behavior except of ignition delay which was shorter 
than diesel. In other study, Senatore et al. [36] conluded that, with rapeseed oil methyl ester as a fuel, heat 
release always takes place in advance, injection starts earlier and exhaust gas temperature is higher.  
Sihna and Agarwal [59] investigated the combustion characteristics in a direct injection diesel engine 
running with diesel and rice bran oil methyl ester blend (B20). Tests were performed at different loads 
ranging from no load to 100% at constant engine speed. They found that the overall combustion 
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 17:59:23 EET - 137.108.70.7
20 
 
 
 
characteristics were quite similar for biodiesel blend B20 and B0. However, in the case of B20, the 
combustion starts earlier, the Ignition delay is lower and the combustion duration is slightly longer. Heat 
release analysis showed lower heat release rate during premixed combustion phase in case of B20 which 
was responsible for lower peak cylinder pressure and pressure rise rate. Further analysis indicated faster 
burn of 10% and slower burn of 90% of fuel using B20 blend. 
The effects of pure rapeseed methyl ester (B100) and different diesel/RME (B20, B50) blends on cylinder 
pressure, emissions, engine efficiency and net heat release rate were presented by [10]. They found that 
the ignition delay was reduced while the initial uncontrolled premixed combustion phase was increased in 
case biodiesel blends. The advanced combustion resulted in the reduction of smoke, HC and CO. Fuel 
consumption was increased in case of blends due to lower LHV while engine efficiency was not affected.  
2.4 Diesel Particulate Filter performance – Soot oxidation reactivity 
As already mentioned, the use of a DPF is absolutely necessary in Diesel cars following Euro 4. The 
drawback to using DPF aftertreatment technology is the increased backpressure from the stored soot and 
the fuel economy penalty associated with the regeneration. Filter durability may be also an issue here. 
Knowledge of soot reactivity in the DPF and the kinetics of soot oxidation are important in achieving 
optimal control and long durability of these devices. 
Previous studies have shown improved DPF performance with the use of biodiesel blended fuels [60-64]. 
One such study measured two parameters used to gauge the performance of a DPF: balance point 
temperature and regeneration rate [61]. The balance point temperature is the temperature at which the 
rate of oxidation of stored soot is equivalent to rate of soot accumulation. They found the balance point 
temperature to be 45 oC lower for B20, when compared with B0, for the CDPF used in that study. The 
second parameter of interest, regeneration rate, is a measure of how quickly the DPF can be fully 
regenerated. Williams et al. [61] found improvements in the rate of DPF regeneration rate with the use of 
biodiesel. 
The oxidative reactivity of diesel particulate is an important factor affecting diesel particulate filter 
regeneration behavior. While few studies have examined fuel property effects on soot reactivity, several 
studies have analyzed soot chemistry and morphology as they relate to the behavior of biodiesel-derived 
soot oxidation [61-63]. One study investigated the soot particles’ structure at different percentages of a 
complete combustion  and cites three PM properties that are important to reactivity: the number of edge 
sites (amorphous structure), the number of surface oxygen groups and the amount of volatile matter within 
the soot [62]. Based on this analysis, they proposed an oxidation progression model that explains the 
difference in oxidation rate of biodiesel blend-derived soot compared with conventional diesel soot. It 
concluded that surface oxygen sites, which are more prevalent in biodiesel soot, are the primary cause of 
more rapid soot oxidation. In the same manner, Müller et al. [65] investigated the oxidative reactivity of 
particulate matter from different sources and found that the internal nanostructure controlled the particle 
oxidative reactivity. It should be mentioned that engine operating conditions affect the nanostructure of 
the particles and hence the particle oxidative reactivity. Zhu et al. [66] found that the particulate appeared 
to have amorphous structure at low engine loads and graphitic structures at high engine loads. Particulate 
composition is another important factor affecting particle oxidative reactivity. Volatile matter such as 
hydrocarbons that filled the micro pores on the particulate is a source of further micro pore development 
and hence creating a variation in particle reactivity [67]. 
Fuel-borne catalysts, such as cerium [68], iron and platinum based compounds, have been proven to 
assist in DPF regeneration (by normal Diesel fuel) by increasing the reactivity of particulate matter. The 
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 17:59:23 EET - 137.108.70.7
21 
 
 
 
alkali metals that can result from the production of biodiesel are well known to catalyze carbon oxidation 
and may act as a fuel-borne catalyst. Although recent fuel quality surveys typically shown undetectable 
levels of alkali metals in the fuel [61], sodium and potassium can be present because of the catalyst used 
for transesterification. 
Several researchers investigated the oxidation properties of particulates from biodiesel and diesel fuel 
and calculated, using TGA analysis, the oxidation kinetic parameters. Several researchers [69-75] adopt the 
use of the following modified form of the Arrhenius expression for diesel and biodiesel soot burning on the 
filter wall with exhaust gas oxygen:  
 
  E/RT n
dm
Ae m [2.1]
dt
 
 
where m is the actual mass of sample under oxidation, t is the time, A is the frequency factor, E is the 
activation energy, R is the molar gas constant, T is the soot layer temperature, n is the reaction order. For 
soot oxidation the reaction order is assumed equal to 1.  
Lu, Cheunq and Huang [76], using the modified Arrhenius expression, found that the activation energy is 
respectively in the range of 142-175, 76-127 and 133-162 kJ/mole for Ultra Low Sulfur Diesel, B100 and Low 
Sulfur Diesel particulate samples. It is obvious that diesel soot has higher activation energy than biodiesel 
soot. In the literature, the activation energy of biodiesel and diesel soot varies from 88 kJ/kmol and 108 
kJ/mole [77] to 160 kJ/mole and 129 kJ/mole [78] for B100 and B0 soot respectively. Although the 
activation energies are not the same, the oxidation rates of biodiesel soot are always higher than those of 
diesel soot [62, 76-78].  
2.5 Diesel spray atomization characteristics 
The sprays of diesel engines are known to have a high penetration with low spreading rates and 
atomization is often due to impingement of the fuel jet on the piston crown. Because of the high velocities, 
short injection durations and the density of liquid, measurements of droplet diameter, flux and particularly 
relative velocity are not available in sufficient detail to quantify the characteristics of the spray as it 
develops in time and distance and to identify the spatial extent, over which atomization occurs in the spray  
[79].   
2.5.1 Droplets collision and coalescence 
Because of the dense nature of the droplet concentration in the region immediately downstream of the 
injector, droplet collision and coalescence is a frequent event. The collision and coalescence of fuel engine 
sprays is of great interest since it will affect the droplet size, number density and velocity of the droplet 
essentially influencing the structure of the spray and altering engine performance and as a consequence 
fuel emissions. Depending on the drops velocity and configuration of the spray, as well as the physical 
properties of the fluid, collision can lead to various outcomes, such as bouncing collision, due to the 
presence of an interesting air film, permanent or temporary coalescence, which occurs when the kinetic 
energy exceed the value of stable coalescence, followed by disruption of fragmentation [80, 81]. The 
number of droplets resulting from disruption remains the same whereas fragmentation is the outcome of 
catastrophic breakup into numerous small droplets. Droplet coalescence is the phenomenon where two 
droplets can approach each other with a distance smaller than a critical value depending on the droplet 
properties and its environment. 
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There are significant studies in which droplet collision and coalescence is directly related to spray 
combustion applications such as the experimentations carried out by [80, 82] on propanol and hexadecane 
liquids, however these were mainly observational studies. Jiang et al. [83] carried out the most detailed 
investigation of collision behavior involving hydrocarbon droplets, with studies involving fuels from 
heptanes to hexadecane. Orme [81] demonstrated that collision dynamics and outcome for the 
hydrocarbon droplets can be significantly different and much more complex than collision of water droplets 
due to the difference in physical properties. 
Generally collision needs to be incorporated in the numerical description of dense spray configurations. 
Indeed the numerical results of Martinelli et al. [84]  predicted a much smaller mean droplet diameter of 
7μm than the 42 μm measured by [85] and he explained that the main reason for this major discrepancy 
was because droplet coalescence was neglected. This also demonstrates that in the presence of collision 
and coalescence phenomena, the droplet size is less dependent on the initial conditions. 
2.5.2 Droplet breakup 
The atomization of liquids has many important applications such as internal combustion engines and 
atomization quality is crucial to ensure good combustion efficiency and low emissions of pollutants. As a 
result, numerous interesting studies on droplet breakup phenomena from [86-93] have been reported foe 
several decades and literature on this physical process is quite abundant. 
The atomization process is generally divided into two stages. First, primary droplet breakup process 
defines the initial conditions for the spray, affecting mixing rates, secondary breakup and collisions. Early 
observation [86]  showed that liquid fuel leaving the nozzle is broken up into shreds and small ligaments by 
aerodynamic forces and instabilities developing at the liquid/gas interface. These ligaments are quickly 
broken into drops by the surface tension of the fuel. 
Then the secondary breakup where the large drops produced in primary atomization are further 
disintegrated into smaller droplets due to the strong shear forces imposed on the droplets, due to high 
relative velocities between the gas and spray phase. Primary followed by secondary breakup is likely to be a 
phenomenon occurring in dense sprays. The transformation of an initial liquid jet into a multitude of small 
liquid droplets will increase the surface area per unit volume of liquid and as a result the evaporation rate 
and it will be lead to a significant shortening of the droplet lifetime, [94].  The relative velocities of the 
droplet are significantly reduced during secondary breakup (between 30 and 70% deceleration, depending 
on droplet size) due to large drag coefficients due to droplet deformation [92] significantly reducing droplet 
penetration. 
Breakup regimes transitions depend largely on the ratio of disruptive aerodynamic force to surface 
tension forces, represented by the Weber number and the ration between the liquid viscous and the 
surface tension forces, represented by a dimensionless group known as Ohnesorge number [91]. Weber 
and Ohnesorge numbers are expressed as follows: 
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The higher the Weber number, the larger the deforming external pressure forces are, compared to the 
restoring surface tension forces. In the absence of such disruptive forces, surface tension tends to pull the 
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liquid into the form of a sphere. The Ohnesorge number accounts for the influence of liquid viscosity on 
droplet breakup. At low Oh numbers, droplet deformation becomes significant at We of roughly 1, and 
droplet breakup occurs at We of around 10-12, with a critical Weber number taken to be generally of the 
order of 12, with bag, multimode, and shear breakup regimes observed progressively at larger Weber 
number. With increasing Oh, however, higher values of We are needed in order to trigger breakup, because 
the high viscous forces hinder droplet deformation which are the first stage towards the breakup process.  
2.5.3 Breakup models 
Reitz and Diwakar [95] proposed a method called WAVE method for calculating droplet breakup and 
found that the droplet size downstream of the injector was influenced by the competition between 
collision and coalescence. They had some success in predicting the experimental measurements made 
notably by Hiroyasu and Kadota [85]. O’Rourke and Amsden [96] presented an alternative model for 
droplet breakup, the so called TAB model. This model is based on an analogy, suggested by Taylor, between 
an oscillating and distorting droplet and a spring mass system. The TAB model is mostly valid at low drop 
We number and possesses several advantages over the Reitz and Diwakar breakup model, enumerated by 
O’Rourke and Amsden, such that there is not a unique critical Weber number for breakup, the effects of 
liquid viscosity are included, which can significantly affect the oscillations of the small droplets. Also, the 
model predicts the state of oscillation and distortion of the droplets and gives drop sizes that are more in 
agreement with experimental data of liquid jet breakup [97]. Finally, the model does not need to input the 
spray angle since the spray angle is automatically calculated by the TAB method, unlike the Reitz and 
Diwakar model but on the other hand, the TAB models needs more constants.  
O’Rourke and Amsden demonstrated that one major limitation of the TAB model is that only one 
oscillation mode can be kept tracked of, while many such modes exist in reality. Some improvements were 
also introduced concerning the atomization process introducing a ‘hybrid’ model based on the TAB and the 
WAVE model [98]. Indeed, it has been established that the TAB model underestimates the tip penetration, 
resulting in fast evaporation and fuel rich regions close to the nozzle while the WAVE model overestimates 
it [99] and the simultaneous choice of both models has a physical meaning since for large diameter drops, 
near the nozzle exit, the model of unstable wave propagation on a liquid surface may be more relevant, 
while in the later stages of the injection process, the computation of break-up with the TAB analogy seems 
to be more appropriate for smaller drops [99]. The WAVE and TAB models are the most used secondary 
breakup models in CFD simulations. Ibrahim et al. [100] introduced the droplet deformation and breakup 
model (DDB) which provided a better agreement with experimental data compared with the TAB model 
since the breakup criteria has been modified. Indeed, the assumption in the TAB model that the breakup 
criterion is the amplitude of oscillations of the drops equals the drop radius has been proven to be 
unrealistic following [89] publication, who suggested that breakup occurs at different sizes for different 
Weber numbers.  
The model suggested by [100] is applicable for breakup regimes whose We > 20. The DDB models match 
well the experimental penetration data at low temperature, while the three models under predict the 
droplet size and, at high temperature, the DDB model shows the highest penetration rate suggesting that it 
is more appropriate for simulating the spray dynamics for small engine like conditions and the WB model is 
more suitable for large engines, while the TAB model is estimated to be completely inadequate. The TAB 
and WB models underestimate the spray cone angle at low temperature, whereas the DDB overestimates 
it, but at higher temperature it gives accurate predictions, whereas WB and TAB calculate lower values.
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PART  1    
EXPERIIMENTS  WIITH  A  COMMON  RAIIL,,   HPDII   ENGIINE  
 
 
The first part of this thesis comprises engine bench tests with a 2.0 liter, common rail, high pressure 
injection passenger car Diesel engine fuelled by B70 biodiesel blend. The results are compared to the 
respective results of baseline tests with standard EN 590 Diesel fuel. Engine performance and CO, THC and 
NOx emissions were measured. Also, indicative particulate sampling was made with a simplified, undiluted 
exhaust sampler. Aim of this study was to better understand how the Engine Control Unit (ECU) responds 
to the different fuel quality. A series of characteristic operation points for engine testing is selected to 
better serve this purpose. Data acquisition of the engine ECU variables was made through the INCA 
software and the ETAS/MAC-2 interface. Also, additional data acquisition based on external sensors was 
carried out by means of LabVIEW software.  
 
Τhe results enhance our understanding of the engine ECU behavior with the high percentage biodiesel 
blends. Also, they are compared to what is known from the related literature for the behavior of common 
rail Diesel engines with biodiesel blends.  
 
Having improved understanding on how the engine’s electronic control unit (ECU) and fuel system 
responds to different fuel properties, emphasis is shifted to the fuel system dynamics and the engine’s 
transient response. A series of characteristic transient operation points was selected for the tests. Data 
acquisition of all monitored engine ECU variables was made by means of INCA software/ ETAS Mac2 
interface. Additional data acquisition regarding engine performance was based on external sensors. The 
results indicate significant differences in fuel system dynamics and transient engine operation with the B70 
blend at high fuel flow rates. Certain modifications to engine ECU maps and control parameters are 
proposed and discussed, aimed at improvement of transient performance of modern engines run on high 
percentage biodiesel blends.  
 
However, a high pressure pump failure that was observed after prolonged engine operation with the 
B70 blend, hints to the use of more conservative biodiesel blending in fuel that should not exceed 30% for 
common rail engines.  
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3. Experimental layout and procedure with the common rail engine 
3.1 Engine data 
The experimental data employed in this chapter were obtained in-house on the 2.0 L, 4 cylinder, 
turbocharged, common rail, direct injection, Diesel engine installed on one of the test benches of the 
Laboratory of Thermodynamics and Thermal Engines, Figure 3.1. Also, another set of test data was made 
available by the engine manufacturer. The engine bench is equipped with a Froude-Consine eddy current 
dynamometer which is digitally controlled by Texcel 100, and a PWM engine throttle actuator. The engine 
is equipped with a Bosch common rail fuel injection system which enables up to three injections per cycle 
and provides a 1350 bar maximum rail pressure. The exhaust gas recirculation (EGR) valve and the injection 
parameters are controlled via the engine’s electronic control unit (ECU), which is shown in Figure 3.2. 
 
Table 3.1. Engine technical specifications. 
Engine type HDI turbocharged engine 
Cylinders 4, in-line 
Bore 85 mm 
Stroke 88 mm 
Displacement 1997 cm3 
Rated power /rpm 80 kW/4000 rpm 
Rated torque/rpm 250 Nm/2000 rpm 
Compression ratio 18:1 
ECU version Bosch EDC 15C2 HDI 
Diesel filter IBIDEN SiC filter 
 
 
 
Figure 3.1. DW10ATED engine test bench (left) and group of Exhaust gas analyzers (right). DW10 HDi Diesel 
engine, eddy current dynamometer and exhaust system are presented. 
 
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 17:59:23 EET - 137.108.70.7
26 
 
 
 
The data acquisition of the engine ECU variables was carried out via ETAS/MAC 2 interface and INCA 
software. Furthermore, additional data based on external sensors was achieved by means of NI Data 
Acquisition cards and LabVIEW software.  
These include pressures (by piezo-resistive transducers) and temperatures (by K-type thermocouples) at 
various points along the engine intake and exhaust line, fuel and air flowrate, A/F control purposes by 
means of an UEGO sensor. Sampling of exhaust gas is led to a pair of THC analyzers, Figure 3.1 , (JUM HFID 
3300A), CO, CO2 (Signal Model 2200 NDIR) and NOx (Signal Model 4000 CLD) analyzers. The main 
specifications of the engine are given in Table 3.1. 
3.2  Engine management system information and maps 
 
 
Figure 3.2. ECU flowchart for the calculation of the main injection parameters (common rail injection 
system). 
 
The engine management system relies on maps stored in the ECU for the calculation of several engine 
control parameters. These parameters are calculated successively, as shown in the flow chart of Figure 3.2.  
 
Common rail pressure [hPa] as function of engine speed and fuel delivery per stroke,Figure 3.3. 
 Injector opening duration [μs] as function of rail pressure and fuel delivery per stroke. The injection 
system enables up to three injections per cycle, pilot, main and post injection, Figure 3.4. 
Pilot injection fuel delivery [mm3/stroke] as function of engine speed and total fuel delivery, Figure 3.5.  
Pilot injection advance [oCA] as function of engine speed and fuel delivery per stroke, Figure 3.6. 
 Main injection advance [oCA] (with pilot injection) as function of engine speed and fuel delivery per 
stroke, Figure 3.7.  
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 17:59:23 EET - 137.108.70.7
27 
 
 
 
  
Figure 3.3. Common Rail pressure as function of engine speed and fuel delivery per stroke. 
 
 
Figure 3.4. Injector opening duration [μs] as function of rail pressure and fuel delivery per stroke (pilot, 
main and post-injection). 
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Figure 3.5. Pilot injection fuel delivery [mm3/stroke] as function of engine speed and total fuel delivery. 
 
 
Figure 3.6. Pilot injection advance [oCA] as function of engine speed and fuel delivery per stroke. 
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Figure 3.7. Main injection advance [oCA] (with pilot injection) as function of engine speed and fuel delivery 
per stroke. 
 
Data acquisition of the engine ECU variables, which are presented in Figure 3.9, was made through the 
INCA software, which may record several hundreds of ECU variables. The following variables were regularly 
recorded (with a time step of 100 ms) during our measurements:  
 
 Engine speed 
 Pedal position 
 Water temperature 
 EGR valve position 
 Throttle valve position 
 Turbo valve position 
 Intake air temperature 
 Intake pressure (set point and measured) 
 Air mass flow (set point and measured) 
 Fuel temperature 
 Fuel pressure (set point and measured) 
 Fuel mass delivery per cycle, Injection advance (pilot) 
 Injection advance (main) 
 Injection duration (pilot, main and post injection) 
 
Also, additional data acquisition based on external sensors was carried out by means of LabVIEW 
software for the following quantities:  
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 Engine Speed 
 Engine Torque 
 Cooling water inlet and outlet temperatures 
 Fuel mass flow rate 
 Air flow rate 
 A/F ratio 
 Compressor boost pressure 
 Turbo in pressure 
 Temperatures and pressures at various points in engine inlet and exhaust lines, including oxidation 
catalyst and Diesel filter. 
 
 Figure 3.10 presents LabVIEW’s front panel, including the additional measured variables. 
 
The specific engine is equipped with a 1st generation common rail system based on a CP1 Bosch high 
pressure pump (1350 bar). The pump is connected to the camshaft and therefore driven with half the 
engine speed. It has 3 radial pistons (pump plungers) and its maximum power consumption at nominal 
engine speed and maximum discharge pressure reaches 3.5 kW. The pump signal contains three sinus 
waves with different phase. The main signal frequency is three times the frequency of the pump (i.e. the 
frequency of the half engine speed).  
The required rail pressure is regulated through a pressure valve, which in this case is embodied in the 
high pressure pump. The fuel flow rate supplied by the pump is proportional to the engine speed. In the 
specific type of 1st generation common rail system, (without fuel flow regulation at the suction side) a 
significant quantity of compressed fuel is forced to expand and return to the tank at low load operation 
points. This process leads to a significant heating of the fuel [101].  
The injectors are responsible for injecting fuel into the combustion chamber. The amount of injected 
fuel and injection time are controlled by the ECU through signals sent to the electromagnet. This 
electromagnet controls the opening and closing of the valve in the injector. First there is a pilot injection 
and then a main injection. Since the valve in the injector is closed very quickly, a so-called water hammer is 
formed in the injector pipe.  
The water hammer is created when a valve is closed quickly in a pipe. There is an initial pressure p0 and 
an initial velocity v in the pipe. Suddenly the valve is closed, which creates a pressure wave that travels 
toward the main rail. The fluid between the wave and the valve will be at rest but the fluid between the 
wave and the rail will still have the initial velocity v. When the wave reaches the main rail the whole pipe 
will have the pressure p0+Δp, but the pressure in the rail will still be p0.  
This imbalance of pressure makes the fuel flow from the pipe back to the rail with the velocity v and a 
new pressure wave is created and it travels toward the valve end of the pipe. When the wave reaches the 
end, the fluid is still flowing. The pressure at this point will be less than the initial value, p0 - Δp. This leads 
to a rarefied wave of pressure in the other direction. When this wave reaches the rail, the pipe will have a 
pressure less than that in the rail. There is an imbalance in pressure again and the process repeats itself in a 
periodic manner.  
The result is an oscillation which is damped because of viscous effects. First when an injection occurs the 
valve opens and as a result there is a pressure drop. Then the valve is closed quickly and the water hammer 
phenomenon appears. Because of the pilot and the main injection the pressure signal gets an appearance 
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of two damped oscillations after each other. An extensive description of the CR system working principles is 
reported in [101]. 
 
 
Figure 3.8. INCA Software – Post processing stored measurements. 
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Figure 3.9. INCA SOFTWARE - Stored ECU variables. 
 
 
Figure 3.10. LabVIEW software front panel. 
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3.3 Active regeneration procedure 
3.3.1 General Overview of Regeneration Strategies 
The DPF strategies structure was designed to control the DPF regeneration. This regeneration is 
triggered by an intelligent system that globally monitors the state of the filter and generates a certain 
number of actions: 
 EGR cut 
 Electrical consumers activation (vehicle application only) 
 Intake air temperature control (vehicle application only) 
 Post-injection activation 
 Change of pilot and main injections timings 
 
Globally speaking the ECU strategies use sensors such as intake air temperature, ambient temperature, 
engine water temperature, DOC inlet and outlet temperatures and ambient absolute pressure.  
To effectively apply post-injection, appropriate water and intake air temperatures are required. When 
these conditions are achieved, 2 levels of post-injection are available: 
 level 1 aims at lighting the catalyst off 
 level 2 shall generate exhaust gas temperature levels that can regenerate the DPF 
 
Each post-injection level uses 4 specific maps: post-injection timing, post-injection quantity, main 
injection quantity reduction, boost pressure. Set points use the following parameters: 
 engine speed (dzmNmit in rpm) 
 global system fuel quantity (mrmM_EMOT in mm3/str) 
 current engine fuel quantity (ldmM_E in mm3/str) 
3.3.2 Engine maps description 
 Post-injection Activation 
Description 
To activate post-injection a special wire (leading to a switch) on the engine wiring loom is required in 
order to simulate a regeneration request. To authorize this action label fpwPC_on value needs to be 
changed: it shall be set to 1 to activate it by the switch or set to 0 to activate it by the ECU manager (on a 
vehicle). 
Once the regeneration request is done, post-injection cannot be authorized until water and intake air 
temperatures have reached appropriate levels according to the fpwMAWTFKL curve. 
 
Control means 
Measurement channel: fpmPC_ON 
This channel helps checking the activation state of post-injection out: 
fpmPC_ON = 0: means there is no active regeneration request 
       = 4: a regeneration is requested but post injection is not authorized yet 
       = 5: post-injection activation conditions are fulfilled and post-injection is therefore authorized 
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 Effective Post-injection 
Description 
Post-injection is only used in a defined engine map area depending on engine speed and load. On the 
DW12 application post-injection is currently activated from 1000 rpm and 9 mm3/str of global fuel quantity 
(emot – image of the pedal position). 
 
Post-injection area: 
 fpwLimREmo = hysteresis upper threshold for fuel quantity: No available in our ECU model 
 fpwLimLEmo = hysteresis lower threshold for fuel quantity (EDC 15 C2: fpwLimLEmot) 
 fpwLimRN = hysteresis upper threshold for engine speed: No available in our ECU model 
 fpwLimLN = hysteresis lower threshold for engine speed (EDC  15 C2: fpwLimN) 
Control means 
Measurement channels: 
 fpmAD_Naon (binary) : bit 3 = 0 means that post-injection is effectively applied 
 fpmMA_CAR = (time) counter of effective post-injection. 
 
 Post-injection levels 
Description 
As previously mentioned there exist 2 different levels of post-injection. A transition strategy is used to 
switch from one level to the other. The post-injection level applied depends on the catalyst temperature 
levels (upstream DOC = AT1 probe, downstream DOC = AT2 probe). Transition is made according to the 
fpwSN2cTKL curve. 
Control means 
Measurement channels: 
 fpmAT1= measured DOC inlet temperature 
 fpmAT2= measured DOC outlet temperature 
 fpmHyste gives information about the post-injection level and authorization for transition 
= 0 the system is currently in level 1 (DOC temperature too low) 
= 1 temperature levels could allow to switch to level 2 but the system is either in level 1 or 
the operating conditions are outside the post-injection area 
= 9 the system is in level 2 and post-injection is effective. 
 
 Post-injection maps 
Description 
When post-injection is activated, EGR is cut (the chosen position values are fpwIEGRAG for the EGR 
valve and fpwIEGRDK for the throttle). Then injection timings are changed for pilot (fpwABVE_KF) and/or 
main (fpwABHE_KF). 
 Each post-injection level uses the same batch of maps: 
 fpwNMEBPC1(2*) = post-injection timing 
 fpwNMEDPC1(2*) = post-injection quantity 
 fpwNMEDMI1(2*) = main injection quantity reduction 
 fpwNMETP1(2*) = boost pressure 
*: the number (1 or 2) corresponds to the post-injection level 
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Figure 3.11. Post injection timing during level 1. 
 
 
 
Figure 3.12. Post injection timing during level 2. 
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Figure 3.13. Post injection quantity during level 1. 
 
 
 
Figure 3.14. Post injection quantity during level 2. 
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Figure 3.15. Main injection quantity reduction during level 1. 
 
 
 
Figure 3.16. Main injection quantity reduction during level 2. 
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Figure 3.17. Boost pressure during level 1. 
 
 
 
Figure 3.18. Boost pressure during level 2. 
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Control Means 
Measurement channels: 
 ehmFARS : EGR valve PWM command value 
 ehmFLDK : EGR throttle PWM command value 
 fpmABVEk1 : pilot injection timing correction 
 zumAB_VE : pilot injection timing 
 fpmABHEk1 : main injection timing correction 
 zuoAB_HEk : main injection timing 
 fpoAB_NEFP : post injection timing 
 fpmNE_ME_W : post injection quantity 
 fpmME_HE : main injection reduction quantity 
 ldmP_Llin : measured boost pressure 
 
 Intake Air Heater and Intercooler throttle control 
Description 
This function is normally controlled by a special strategy that is only active on the vehicle. A manual control 
of these throttles shall therefore be used on an engine dyno. 
Intercooler control: 
 fpwRAS_off = throttle position when the regeneration request is stopped 
 fpwRAS_on = throttle position when the regeneration request is activated 
 
Intake Air Heater control: 
 fpwRAA_off = throttle position when the regeneration request is stopped 
 fpwRAA_on = throttle position when the regeneration request is activated 
 
Control means 
Measurement channels: 
 ehmFLDK : Intercooler throttle PWM command value 
 ehmFRAA : Intake Air Heater throttle PWM command value 
 
EDC 16 C3 post injection procedure is summarized in the following flowchart: 
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Figure 3.19. ECU operation during DPF regeneration. Post injection activation flow chart. 
3.4  Properties of tested fuels 
The fuels under investigation are pure Diesel (0% biodiesel), and a blend of 70 vol. % Biodiesel in pure 
Diesel. Throughout this part of the thesis the tested fuels were denoted as B0 and B70, respectively. B0 
conforms to European standard EN 590. The biodiesel employed in the measurements is a fatty acid methyl 
ester produced by 40% rapeseed oil, 30% soybean oil and 30% recycled cooking oils. It was supplied by ELIN 
biofuels SA (Volos factory) and conforms to EN-14214:2003 specifications [102]. A comparison between the 
tested fuels is given in Table 3.2, along with the corresponding  range of variation of each parameter in the 
different fuel types used in Europe and North America [103, 104]. Unfortunately, the exact methyl esters 
profile of the tested biodiesel was not available. However, since the fatty acid profile of biodiesel is 
identical to that of the parent oil, an approximate profile corresponding to the above parent oil mixing 
percentages can be estimated based on the indicative methyl esters profiles discussed in [105]. Based on 
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the additional assumption that our recycled cooking oils are composed of sunflower and palm oil, we 
estimated an approximate methyl ester profile consisting of 12% C16:0, 5% C18:0, 40% C18:1, 36% C18:2 
and 7% C18:3. Based on this profile, the stoichiometric (A/F) of our pure biodiesel is calculated to 12.48.  
 
Table 3.2. Comparison of the range of variation of the main fuel properties, between biodiesel and diesel 
fuel. Properties of the specific fuels employed in this study are also included in separate columns.   
Specifications / ranges 
Biodiesel 
(range) 
Diesel 
(range) 
Our case Biodiesel 
(FAME) 
Our case 
Diesel 
Density (15 oC) [kg/m3] 860–895 815–845 865 825 
Viscosity (40 oC) [cSt] 3.5–5.5 2–3.5 4.7 2.5 
Cetane number 45–65 40–55 55 50 
Cold filter plugging point 
[oC] 
-5 to 10 -25 to 0 -3 -12 
Gross heating value 
[MJ/kg] 
  40.3 46.1 
Lower heating value 
[MJ/kg] 
36.5–38 42.5–44 37.7 43.3 
Water content [mg/kg] 0–500  330 - 
Acid number [mg KOH/g] 0–0.60  0.16 - 
Sulfur content [ppm]  10–500  50 
Iodine number g 
iodine/100g 
  117 - 
 
3.5 Test equipment and procedure  
The experimental work [106] was made on the 2.0 l., 4 cylinder, 4-stroke, turbocharged, intercooled 
Diesel engine connected to a Froude - Consine eddy current dynamometer with Texcel 100 direct digital 
controller and a PWM engine throttle actuator. The main specifications of the engine are given in Table 3.1. 
The engine is equipped with a Bosch common rail fuel injection system which enables up to three injections 
per cycle and provides a 1350 bar maximum rail pressure. The injection system parameters and exhaust gas 
recirculation (EGR) are controlled via the engine’s electronic control unit (ECU). ETAS/MAC 2 interface and 
the INCA software interface were used for the data acquisition of the engine ECU variables.  
Also, additional data acquisition was carried out by means of external sensors, NI Data acquisition cards 
and LabVIEW software. These sensors include piezo-resistive transducers for pressures and K-type 
thermocouples for temperatures at various points along the engine inlet and exhaust line, fuel and air flow 
rate and an UEGO sensor for A/F control purposes. Sampling of exhaust gas is led to a pair of THC analyzers 
(JUM HFID 3300A), CO, CO2 (Signal Model 2200 NDIR) and NOx (Signal Model 4000 CLD) analyzers. 
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Figure 3.20. Sequence of operation points selected for the comparison of fuels. 
 
Data acquisition directly on the engine ECU was possible through the INCA software. The following 
variables were regularly recorded (with a time step of 100 ms) during our measurements: Engine speed, 
Pedal position, Water temperature, EGR valve position, Throttle valve position, Turbo valve position, Intake 
air temperature, Intake pressure (set point and measured), Air mass flow (set point and measured), Fuel 
temperature, Fuel pressure (set point and measured), Fuel mass delivery per cycle, Injection advance 
(pilot), Injection advance (main), Injection duration (pilot, main and post injection). Additionally external 
sensors and LabVIEW software, was used to record the following quantities: Engine Speed, Engine Torque, 
Cooling water inlet and outlet temperatures, Fuel mass flow rate, Air flow rate, A/F ratio, Compressor boost 
pressure, Turbo in pressure, temperatures and pressures at various points in engine inlet and exhaust lines, 
including oxidation catalyst and Diesel filter.  
A sequence of steady state operation points was selected as shown in Figure 3.20.  The set of operation 
points was selected to cover the full extent of the engine operation map (from low speed – low load to high 
speed- high load), and thus study also engine operation that is not represented in the legislated cycles (e.g. 
NEDC), which usually focus to the lower left quadrant of speed – load regime. The specific sequence of 
operation points was programmed in the dyno controller (Test Sequence Editor). The transition time 
between each two successive points was set to 5 seconds. As regards secondary effects of the use of the 
B70 biodiesel blend, during the tests with B70, we noticed fuel leaks due to the loosening of the fitting of 
the elastic pipe which leads fuel returns to the fuel tank. Additionally, high fuel temperatures were 
measured in the fuel return line, and we had to install a counter-flow heat exchanger (water-to-fuel) for 
return line cooling, by means of 20oC water from the supply. This effect is already reported by other 
researchers with injection systems based on rotary supply or distributor pumps [4]. 
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4. Experimental results with the common rail engine† 
4.1 Effect of B70 on engine performance and fuel consumption 
As already reported in the experimental section, the dyno controller was programmed to attain the 
same operation points for both alternative fuels used. However, the real engine performance was slightly 
affected as shown in Figure 4.1. Small differences in engine torque are observed, that fall within the 
statistical variability of engine performance. The results are presented below in the form of line graphs, 
where the horizontal axis contains always the numbers of the 15 operation points of the sequence of Figure 
3.20.  Thus, the lines connecting the 15 values of each variable in the graphs are not representing any 
intermediate operation points. They are just connecting the points to allow the simultaneous presentation 
of the variation of more, related variables in one graph, which could not easily be done with a bar chart.  
 
 
Figure 4.1. Comparison of engine speed, bmep, power with Diesel fuel and B70 blend at the 15 operation 
points of the cycle. 
 
The most marked difference in the performance of the engine fuelled by B70 is the increase in fuel 
delivery per stroke, for the respective operation points, as presented in Figure 4.2. There exists only one 
                                                             
 
 
 
†
 Part of this chapter was published in: Proceedings of the Institution of Mechanical Engineers, Vol. 223 Part D: J. 
Automobile Engineering, 685-701, 2009 (DOI:. 10.1243/09544070JAUTO1094). 
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operation point where we observe a decrease of fuel consumption with B70. This could be possibly due to a 
significant difference in engine efficiency and turbocharger speed at this low load operation point with EGR.   
 
 
Figure 4.2. Fuel consumption (bsp) increase with B70 –vs- Diesel fuel at the 15 operation points of the cycle. 
  
The increase in fuel delivery per stroke is expected, as already mentioned. Additional fuel mass is 
required in order to produce the same power per cycle burning a blend with lower heating value (see Table 
4.1). Gross heating value of the two fuels was measured in a Parr 1261 Oxygen Bomb. The results are 
presented in Table 4.1.  
 
Table 4.1. Results of Gross heating value measurements with the bomb calorimeter. 
Diesel 
EN590 
Gross heating 
value [MJ/kg] 
Mean Gross heating  value 
[MJ/kg] 
Mass of H2O in 
exhaust gas per kg of 
fuel 
Lower heating 
value [MJ/kg] 
(computed) 
1 46.0434 46.2276 1.17 43.30 
2 46.2124    
3 46.4261    
Biodiesel EN 
14214 
Gross heating 
value [MJ/kg] 
Mean Gross heating  value 
[MJ/kg] 
Mass of H2O in 
exhaust gas per kg of 
fuel 
Lower heating 
value [MJ/kg] 
(computed) 
1 40.1051 40.2913 1.04 37.69 
2 40.4928    
3 40.2761    
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According to the results of the above Table, the lower heating value of the B70 blend is 37.7 MJ/kg, 
whereas the respective value for the Diesel fuel is 43.3 MJ/kg.  
In order to calculate the fuel energy input per stroke, we additionally need to take into account fuel 
density, which is also a function of fuel temperature. 
 
0
f
ρ
ρ = [4.1]
1+βΔt
 
 
The coefficient of thermal expansion of biodiesel is assumed β = 8.3 E-4 [1/K] [107]. The coefficient of 
thermal expansion of Diesel fuel is assumed β = 11 E-4 [1/K] [108], and ρ0 is the reference density at 15
oC 
(Table 3.2). 
Based on the above, the fuel energy input per stroke is given by the equation: str f u spE =ρ H b [4.2]  
If we apply this equation, e.g. at operation point 15, the fuel energy input per stroke for the Diesel fuel is 
1692.6 J/stroke, whereas the respective value for the B70 blend is 1689.6 J/stroke. Thus, the required fuel 
energy input per stroke to produce the same engine power, is almost equal for the two alternative fuels. 
This implies also that engine efficiency is not modified from the shift to the biodiesel blend. The results of 
detailed calculations of engine efficiency for all operation points are included in Figure 4.5 below. 
 
 
Figure 4.3. Comparison of fuel delivery per stroke, fuel temperature, bmep and fuel mass per stroke for B0 
and B70 at the 15 points of the cycle.  
 
The above remarks suggest that the engine is forced to burn a higher B70 fuel quantity in order to 
produce the same torque at each operating point. Next step is to see if this change in fuel quantity also 
affects A/F ratio and λ. To this end, one must take into account that a Diesel engine is expected to draw 
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approximately the same air quantity (mass) for a given engine speed and load. Since, as explained above, 
the engine needs to draw a higher fuel mass per stroke to account for the lower energy content of B70, it is 
expected that A/F will be lower with the B70 fuel at all operating points. This is confirmed in Figure 4.4. As 
seen by a comparison, in this figure, of A/F calculated based on the air and fuel mass flowrate measured by 
the ECU sensors (pink lines) and the respective A/F measured directly by means of the UEGO sensor 
(dashed lines), there should be made slight modifications in the UEGO calibration curve for EN-590 Diesel 
fuel exhaust gas, to cope for the B70 blend exhaust gas. 
Stoichiometry calculations based on the above mentioned methyl ester profile, produce a value for the 
stoichiometric A/F for our biodiesel sample of (A/F)st=12.48. This reduction in stoichiometric A/F with 
respect to Diesel fuel, is mainly due to the oxygen content of the biodiesel molecules, and not to the 
difference in C:H ratio, which remains approximately the same with biodiesel [104]. Based on this 
calculation, the stoichiometric A/F ratio of the B70 mixture we employed in our tests is estimated to be 
(A/F)st=13.08. The lambda values shown in Figure 4.4 (lambda is the ratio of A/F to (A/F)st), are calculated 
based on the ECU measurements (air and fuel mass flowrate). 
 
 
Figure 4.4. Differences in A/F, lambda, exhaust gas temperatures and mass flow rates at the 15 points of  
the cycle. 
 
According to this figure, A/F (calculated based on ECU signals, as mentioned above) is reduced overall 
with the B70 biodiesel blend. On the other hand, lambda (λ) is higher with the B70 blend in the medium-to-
high loads, whereas it is lower at low loads. As regards exhaust gas temperature levels, they are reduced 
with the B70 blend in the medium-to-high load engine regime. A similar behavior is reported in [109]. This 
fact deserves some additional discussion. The differences in A/F should be partly related to the shifted 
operation points of the turbocharger, which affects exhaust temperature at turbine exit. It is interesting to 
see if the engine draws the same levels of air mass flow rate in the case of the B70 fuel. The exhaust gas 
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mass flow rate, calculated based on the ECU measurements, is also presented in Figure 4.4. The increase in 
fuel mass flow rate with B70 is accompanied by a decreased A/F ratio with this blend. Overall, the exhaust 
gas mass flow rate is increased in the medium-to-high loads. This implies that the turbocharger’s operation 
point is shifted and this gives an explanation to the observed lower turbine out temperature. 
The effect of biodiesel on engine efficiency is another issue of interest here. A detailed calculation of 
engine efficiency was made according to the following procedure: 
 
th
f u u
P 1
η = = [4.3]
m H bsfc H  
 
Fuel mass is calculated based on fuel volume flow rate as measured by the ECU, taking into account the 
variable fuel density as function of fuel temperature, as measured by the ECU. The results are employed in 
the calculation of brake specific fuel consumption and thermal efficiency values presented in Figure 4.5. 
 
 
Figure 4.5. Differences in bsfc, bmep and engine efficiency at the 15 points of the cycle. 
 
To obtain the same torque and power output for both tested fuels, the brake specific fuel consumption 
was higher for the B70 blend in inverse proportion to the lower heating value per volume of fuel, this 
leading to similar thermal efficiencies. 
It should be mentioned here that the highest load selected for the comparison of the two fuels was less 
than the maximum torque. The reason for this selection lies to a certain reduction in the maximum torque 
that was observed with the B70 blend (240 instead of 250 Nm). This reduction is explained by the fact that 
the maximum fuel delivery per stroke of about 55 mm3/st. in the engine ECU maps, does not suffice for the 
case of fuelling with B70 (Figure 4.3) due to its lower heating value. 
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Obviously, the ECU does not have the possibility of detecting the difference in fuel properties.  At high 
load conditions, the request by the accelerator of more torque increases the fuel delivery per stroke to the 
limits of the ECU’s cartography. In order to keep the same maximum torque with biodiesel blends, an 
extension of the limits of the fuel delivery map would suffice, since an adequate margin of A/F exists. 
Moreover, if it would become possible to trace the biodiesel percentage in the fuel by some kind of sensor, 
additional improvements would be possible in the ECU maps, to further improve performance with the 
biodiesel blends [110]. 
4.2 Effect of B70 fuel on the Injection system parameters 
The effect of B70 blend on the main fuel injection system parameters is presented in Figure 4.6. 
 
 
Figure 4.6. Differences in fuel injection parameters (common rail pressure, pilot and main injection 
advance, pilot and main injection duration) at the 15 points of the cycle. 
 
As shown in Figure 4.6, the main injection advance and the pilot injection time were not affected by the 
use of the biodiesel blend. That is, as expected for a common rail fuel injection system [8, 9], the difference 
of the speed of sound in biodiesel does not affect the start of the main injection.  
 On the other hand, the rail pressure, pilot injection advance and main injection time are increased with 
the B70 blend. This is explained by the algorithm of calculation of these variables by the ECU, along with 
the ECU cartography: Rail pressure is mapped in the ECU as function of engine speed and fuel delivery per 
stroke.  Since biodiesel has a lower heating value than pure diesel, more fuel needs to be injected into the 
engine cylinder which causes the higher fuel delivery and thus increased rail pressures for the B70 fuel 
blend. The increase in pilot injection advance and main injection time was caused by the effect of the 
increased fuel delivery, as calculated by the ECU based on the maps of Figures 3.3 to 3.7. 
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4.3 Effect of B70 on the pollutant emissions 
The effect of the B70 fuel blend on the engine HC and CO emissions is presented in Figure 4.7. The 
reduction of CO emissions is quite observable in the figure, especially at high loads. It is in line with the 
reported results of the literature. On the other hand, the effect of B70 fuel on THC emissions is less 
pronounced, and is mainly seen at low to medium loads. Again, this is in line with what is reported in the 
literature for common rail Diesel engines [41]. 
 
 
Figure 4.7. Differences in HC and CO emissions between B70 and B0 at the 15 points of the cycle. 
 
The effect of the B70 blend on the NOx, emissions, is significantly more complicated, but again in line 
with what is reported in the literature [7, 111, 112]. According to the results presented in Figure 4.8, there 
is a general trend of somewhat increased NOx emissions in most part of the engine performance map. 
However, there exist certain operation points at medium –to- high engine loads, where NOx emissions are 
reduced with the B70 blend. These points would correspond to high speed driving of the Diesel-powered 
passenger car equipped with the specific engine. In Figure 4.8, an attempt is made to correlate the 
observed variations in NOx emissions with respective variation in fuel injection parameters and A/F. It can 
be seen that the operation points with increased NOx emission with the B70 are generally characterized by 
a significant increase by the ECU of the pilot injection advance which points to an earlier start of 
combustion, in which case NOx is expected to rise somewhat.  
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Figure 4.8. Differences in NOx emissions between B70 and B0 at the 15 points of the cycle. 
 
 
Figure 4.9. Comparison of particulate samples (undiluted exhaust gas upstream filter passing through a 
Pallflex 47mm filter during the total cycle. Left: Diesel fuel. Right: B70 biodiesel blend.  
 
Finally, although we did not carry out the legislated particulate sampling from diluted exhaust gas, the 
samples taken from undiluted gas very close to the exhaust line in 47mm filters, one for each cycle, are 
comparatively presented in Figure 4.9 just for a qualitative comparison. The lower blackening of the filter in 
the B70 case is apparent, along with the characteristic yellowish color of the B70 particulate, which implies 
a higher SOF content. These observations, which are in accordance with the literature [11, 12, 113-116], 
can be mainly explained by the oxygen content of the biodiesel molecule, which enables more complete 
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combustion and promotes the oxidation of the already formed soot. In addition the lower stoichiometric 
need of air in case of biodiesel blend combustion reduces the probability of fuel – rich regions in the non – 
uniform fuel – air blend. 
4.4 Conclusions 
 The specialized literature is relatively sparse regarding the effect of fuelling modern, common rail 
diesel engines by high biodiesel content fuel blends. This study contributes to this area, by 
presenting comparative test results with a common rail, high pressure injection, passenger car 
diesel engine fuelled by B70 versus normal diesel fuel.  
 A sequence of 15 steady state engine operation points was selected as representative of the engine 
operation map. This test sequence was programmed in the controller of the eddy current 
dynamometer and the most important engine performance and emissions characteristics were 
recorded, with the engine fuelled by B70 and alternatively, by pure Diesel fuel. 
 The biodiesel employed in the tests was a FAME based on 40% rapeseed oil, 30% soybean oil and 
30% waste cooking oils as raw material, supplied by a local factory. 
 Engine tests performed under low, medium and high load conditions have shown a sharp reduction 
in CO and HC emissions upstream catalyst, with the use of the B70 blend. 
 The effect of the decreased heating value of the biodiesel (despite its slightly increased density) in 
the brake specific fuel consumption increase was confirmed by the measurements. Engine 
efficiency was not generally observed to change with biodiesel combustion. 
 As expected, decreased air to fuel ratio values were measured with the B70 at all operation points. 
On the other hand, lambda was observed to increase at the medium-to-high load range. 
 The effect of the B70 blend on the main fuel injection parameters (common rail pressure, pilot and 
main injection advance and time) was measured and explained based on the maps stored in the 
ECU of the engine.  
 A significant increase of the fuel temperatures was observed with the B70 blend. It was necessary 
to install a heat exchanger in the fuel return line, in order to keep fuel at acceptable temperatures 
(less than 50 oC). 
 The effect of the B70 on NOx emissions was less pronounced and more complex. NOx reduction was 
only observed at medium-to-high loads. Again, this can be explained based on the modification by 
the ECU of certain fuel injection parameters for the B70 combustion. 
 Reduced PM emissions and smoke opacity was observed by a qualitative comparison of the soot 
collected on Pallflex filters from undiluted exhaust gas sampled directly from the exhaust line for 
the total duration of each test. Again, this is in line with what is known from the literature. 
 The discussion improves understanding of how the common rail injection engine responds to the 
biofuel blend, as compared to the reference fuel, based on the injection control flowchart.  
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5. Dynamic effects and transient performance in common rail injection 
systems‡ 
Comparative steady state engine bench tests of a 2.0 liter, common rail, high pressure injection 
passenger car (HSDI) diesel engine fuelled by a B70 biodiesel blend have been presented in a previous 
paper [117]. The results compared well to the limited information reported in the literature for the specific 
engine category [55]. Later on, the tests were extended to cover selected transient operation points, as 
well as dynamic effects on the fuel system. The results are presented in this chapter, aiming at a better 
understanding of the effect of high biodiesel blends on the transient operation and the fuel system’s 
dynamics of an HSDI Diesel engine. 
5.1 Engine instrumentation and injection system 
Facilities to monitor and control engine variables are installed on a DW10 ATED, 2.0 l, 4-cylinder, direct 
injection, common rail diesel engine, installed on an engine test bench at the Laboratory of 
Thermodynamics and Thermal Engines. The engine is coupled to a Froude-Consine eddy current 
dynamometer with Texcel 100 direct digital controller and a PWM engine throttle actuator [106]. The main 
data for the engine and injection system are given in Table 5.1.  
 Table 5.1. Engine and injection system technical data. 
Engine type HSDI turbocharged diesel engine 
Engine model DW10 ATED 
Number of cylinders 4, in line 
Bore 85 mm 
Stroke 88 mm 
Rated power 80 kW, 4000 rpm 
Rated torque 250 Nm, 2000 rpm 
Compression ratio 18:1 
Injection system 
Injector body and nozzle 
CP1 Bosch high pressure pump (1350 bar)  
Bosch with five injector nozzle holes 
ECU version Bosch EDC 15C2 HDI 
Diesel filter IBIDEN SiC filter 
 
The main injection system’s parameters, along with the EGR and waste gate valve positions are 
controlled via the engine’s electronic control unit (ECU). ETAS hardware and the INCA software interface 
were used to access engine ECU operating variables and maps. Also, additional data acquisition of 
pressures, temperatures, A/F, fuel and flow rates, based on external sensors was carried out by means of NI 
                                                             
 
 
 
‡
 Part of this chapter was published in: ECOS 2011, 24th International Conference on Efficiency, Cost, Optimization, 
Simulation and Environmental Impact of Energy Systems, July 4- 7 2011, Novi Sad, Serbia and Effects of a 70% 
biodiesel blend on the fuel injection system operation during steady-state and transient performance of a common 
rail diesel engine Energy Conversion and Management, 2012, 60: p.56-67, doi:10.1016/j.enconman.2011.10.028  
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Data acquisition hardware and software. The exhaust gas analysis system consists of a group of analyzers 
for measuring THC (JUM HFID 3300A), CO, CO2 (Signal Model 2200) and NOx (Signal Model 4000 CLD). 
Table 5.2. Properties of the specific fuels employed in this study [117]. 
Specifications / ranges Our case Biodiesel (FAME) Our case Diesel 
Density (15 oC) [kg/m3] 865 825 
Viscosity (40 oC) [cSt] 4.7 2.5 
Cetane number 55 50 
Cold filter plugging point [oC] -3 -12 
Gross heating value [MJ/kg] 40.3 46.2 
Lower heating value [MJ/kg] 37.7 43.3 
Water content [mg/kg] 330 - 
Acid number [mg KOH/g] 0.16 - 
Sulfur content [ppm] - 50 
Iodine number [g iodine/100g] 117 - 
5.2  Test fuels 
The fuels under investigation are pure diesel EN 590 (0% biodiesel), and a blend of 70 vol. % biodiesel in 
pure diesel. Throughout this thesis the tested fuels were denoted as B0 and B70, respectively. The biodiesel 
employed was a fatty acid methyl ester produced by 40% rapeseed oil, 30% soybean oil  and 30% recycled 
cooking oils. It was supplied by ELIN biofuels SA (Volos factory) and conforms to EN14214:2008 [118] 
specifications. Tested fuels properties are listed in Table 5.2. 
5.3  ECU operating maps 
In order to better understand the variation of the specific engine’s behavior with biodiesel blends, the 
mapping of the basic operating parameters in the engine ECU is to be discussed first. The main maps that 
are stored in the ECU are summarized below. It should be mentioned that the basic injection maps, 
including pilot and main injection were presented in [117]. They are employed in the calculation of the 
following variables: (i) fuel delivery (mm3/stroke) as a function of engine speed and measured intake air 
mass flow. (ii) air mass flow rate (mg/stroke) and waste gate valve fraction (%) as function of engine speed 
and fuel delivery (Figure 5.1). Data acquisition of the engine ECU variables was made through the INCA 
software, which may record hundreds of ECU variables. 
 The following variables were regularly recorded during the tests: Engine speed, Pedal position, Water 
temperature, EGR valve position, Throttle valve position, Turbo valve position, Intake air temperature, 
Intake pressure (set point and measured), Air mass flow (set point and measured), Fuel temperature, Fuel 
pressure (set point and measured), Fuel mass delivery per cycle, Injection advance (pilot), Injection advance 
(main), Injection duration (pilot, main and post injection).  
Additional data acquisition based on external sensors was carried out for the following quantities: 
Engine Speed, Engine Torque, Cooling water inlet and outlet temperatures, Fuel mass flow rate, Air mass 
flow rate, A/F ratio, Compressor boost pressure, Turbine inlet pressure, temperatures and pressures at 
various points in engine inlet and exhaust lines, including oxidation catalyst and diesel filter.  
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Figure 5.1. Smoke limited fuel delivery (mm3/st) as a function of engine speed and intake air mass flow 
(left), air mass flow rate (mg/st) (middle) and waste gate valve fraction (%) as a function of engine speed 
and fuel delivery (right).  
 
A sequence of steady state operation points was selected to cover a wide range of the engine operation 
map (from low speed-low load to high speed-high load). The sequence of operation points was 
programmed in the dyno controller (Test Sequence Editor). The transition time between each two 
successive points was set to 5 seconds. Details of the steady state testing are given in [117]. 
5.4  Results and discussion 
Typical steady state performance of the injection system is presented here by means of examining in 
detail three characteristic operation points, namely, (1250 rpm-40 Nm), (2500 rpm-70 Nm) and (3600 rpm-
130 Nm). The injection system’s dynamics was investigated for a characteristic period of 400 ms. The 
variation of fuel injection parameters, fuel consumption, engine speed, turbocharger parameters (inlet 
manifold pressure, inlet air mass flow, turbo valve position) and EGR valve position for the tested fuels at 
specific operation points is presented in this section.  
5.4.1 Injection system dynamics at characteristic operating points 
The effect of the engine speed on the peak –to- peak amplitude and fluctuation frequency of the rail 
pressure signal for both tested fuels is presented in Figures 12.2 to 12.4. Some characteristic values of data 
acquisition parameters are presented in Table 5.3. It should be mentioned in this context that the ECU 
modifies its acquisition rate according to operating conditions and type of engine parameter. Fuel 
consumption and injection duration (pilot, main and post) have the same acquisition rate of 50 Hz, 
irrespective of the engine operating conditions. On the other hand, the acquisition rate of variables closely 
correlated to the engine cycle like the rail pressure, injection advance (pilot and main), throttle, EGR and 
wastegate valve position, intake manifold pressure and intake air mass flow, is varying as function of engine 
speed (see Table 5.3, last column).   
Table 5.3. Data acquisition parameters at specific operation points. 
Engine 
speed 
[rpm] 
Engine cycle 
frequency [Hz] 
Engine cycle 
duration [ms] 
Oscillation 
frequency [Hz] 
Acquisition time step 
[ms] (main 
parameters) 
Acquisition rate 
[Hz] (main  
parameters) 
1250 21 96 42 12 83 
2500 42 48 84 6 166 
3600 60 33 120 4 250 
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Figure 5.2. Comparison of rail pressure and engine speed for B0 and B70 at the steady state operation 
point, 1250 rpm-40 Nm, recorded for a period of 400 ms. 
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Figure 5.3. Comparison of rail pressure and engine speed for B0 and B70 at the steady state operation 
point, 2500 rpm-70 Nm, recorded for a period of 400 ms. 
 
A first observation that can be made in these figures is a certain degree of aliasing in the acquisition of 
the rail pressure signal, which is oscillating with a frequency comparable to the engine cycling frequency. (A 
higher acquisition rate of the order of at least 1 kHz would be optimal here). The rail pressure increase with 
the B70 blend is apparent in all three figures. This is explained by the algorithm of calculation of this 
variable by the ECU; the rail pressure is mapped in the ECU as a function of the engine speed and fuel 
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delivery per stroke. Since biodiesel has a lower volume heating value than pure diesel, more fuel needs to 
be injected into the engine cylinder, which causes a higher fuel delivery and thus increased rail pressures 
for the B70 fuel blend.  
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Figure 5.4. Comparison of rail pressure and engine speed for B0 and B70 at the steady state operation 
point, 3600 rpm-130 Nm, recorded for a period of 400 ms. 
 
The rail pressure drop caused by injector opening and the rail pressure rise induced by its closure are 
observable in these figures, which also demonstrate that the rail pressure is not constant as predicted in 
simplified models [119], but may oscillate with significant amplitude that reaches sometimes 100 bar or 
even more, especially in 1st generation common rail systems like this one.  
The oscillation period is slightly influenced by the rail pressure, and in particular, it is smaller for higher 
pressures. This is explained by the fact that the speed of sound increases with increasing pressure and is 
higher for biodiesel than for diesel fuel [49].  
This is consistent with the observation that higher pressures imply higher wave propagation speed, 
according to the relation: 
 


B
c [5.1]   
 
The mean value of the amplitude of pressure oscillations at steady state is increased with the B70 blend, 
along with the increase in the rail pressure levels.  
In order to better understand the dynamics of the injection process, the frequencies of the measured 
signals were analyzed. The results are presented below in the form of FFT graphs of the rail pressure signal 
for the B0 and B70 fuel at the specific steady state operation points (Figure 5.5 and Figure 5.6 respectively).  
The horizontal axis contains always the frequency analysis results of the 3 operation points.  
 
As already reported, the main frequency of the pump signal is given by the equation:   
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
Numberofpump plungers*Engine Speed [rps]
Frequency [Hz] [5.2]
2      
which calculates  a frequency of 31.25 Hz at 1250 rpm, 62.5 Hz at 2500 rpm and 90 Hz at 3600 rpm. 
 
 
Figure 5.5. FFT of the rail pressure at steady state operations points at 1250, 2500 and 3600 rpm, with base 
fuel. 
 
Figure 5.6. FFT of the rail pressure at steady state operations points at 1250, 2500 and 3600 rpm, with B70. 
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The first frequency with the highest amplitude is the one close to 125 Hz, which should be correlated 
with the injector dynamics. According to [49] the water hammer due to injector closure and the 
compression wave coming from the rail are in phase, producing large oscillations in the nozzle. The time 
required to a pressure wave to travel from the nozzle to the rail and back, is equal to half the free 
oscillation period. The above peaks are visible for all operation points. The peak at 83 Hz at 1250 rpm is the 
acquisition rate at 1250 rpm. Similarly, the frequency of 166 Hz and 250 Hz correspond to the respective 
acquisition rates at 2500 and 3600 rpm. By comparison of the overall behavior with B0 and B70 in the same 
operation points in Figure 5.5 and Figure 5.6 respectively, it may be noted that the dynamics with the B70 
fuel are characterized by an increased degree of damping (presumably due to the higher viscosity of 
biodiesel). 
5.4.2 Transient results 
Figure 5.7 shows the variations of fuel injection parameters, fuel consumption, engine speed, 
turbocharger parameters (inlet manifold pressure, inlet air mass flow, turbo valve position) and EGR valve 
position for B0 during the full throttle step from idle to 3600 rpm–130 Nm.  
In a turbocharged engine undergoing such a transient, the first thing that happens is that the quantity of 
fuel injected increases rapidly to its maximum allowed value, thus putting more energy into the exhaust 
gases which then accelerate the turbocharger. As the turbocharger accelerates, the flow and pressure to 
the inlet manifold increase which in turn permits more fuel to be injected. From this figure one can observe 
large overshoots in boost pressure and inlet air mass flow, due to turbocharger lag. The waste-gate valve is 
also activated as soon as the boost pressure exceeds 2 bars. 
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Figure 5.7. Differences in fuel injection parameters (common rail pressure and pressure set point, pilot and 
main injection advance and pilot and main injection duration), fuel consumption, turbocharger parameters, 
EGR valve position and engine speed for B0 during the ‘foot down’ acceleration step from idle to 3600 rpm-
130 Nm. 
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The turbocharger response is non linear, which leads to a period of stagnation followed by a sudden flip 
open. The stagnation causes an overshoot in pressure and airflow. Then the rapid opening leads to 
undershoot, stabilizing after several seconds. The same behavior is presented by inlet air mass flow. The 
closure of the EGR valve allows the boost pressure to reach the turbo valve’s operating range [120].  
The actuation strategy of the smoke limiter is a key factor in explaining engine behavior at fast 
transients like this one. At the start of the transient process, the accelerator is pushed to its full- load 
position. At this moment, the pressure in the intake manifold and the air mass flow rate, which are usually 
the input signals for the smoke corrector device, have not changed from their values at idle. Consequently, 
the smoke corrector allows only a small increase in the injected fuel mass, while the intake air mass flow 
rate remains unchanged. This is one of the points where the minimum A/F ratio is attained. During a short 
time, when the engine is running with the increased injected fuel mass, the induced air flow is increasing 
slowly, due to the higher energy in the exhaust, and consequently higher boost pressure. The result is the 
increase in A/F ratio up to a point determined by the boost pressure threshold for the smoke corrector to 
start increasing the injected fuel mass. From this point on, the injected fuel mass is increased according to 
the rise in the boost pressure, reaching the point of maximum fuel delivery. 
A strategy of constant A/F is usual for engines without EGR. The steeper constant A/F ratio line (lower 
A/F limit) results in the faster the engine transient, but also to the highest soot emissions. Thus, engines 
equipped with EGR like this one are employing an improved control strategy that takes into account the 
accelerator position derivative and other related variables [121]. 
The following table tabulates a number of characteristic transient operation modes recorded in the 
frame of our tests. All transient modes were programmed with a 5-second duration of the speed or load 
step.  
Table 5.4. Table with the design of the transient tests. 
Engine speed step [rpm] – Tested fuels B0, B70 
Start point End point Engine torque [Nm] Transition time [s] 
900 1250 20 5 
1250 1750 40 5 
1750 2500 70 5 
2500 1500 100 5 
1500 2000 130 5 
2000 2400 160 5 
2400 2800 180 5 
2800 3000 200 5 
3000 3300 180 5 
3300 3600 130 5 
Engine load step [Nm] – Tested fuels B0, B70 
Start point End point Engine speed [Nm] Transition time [s] 
130 160 2000 5 
 
Most steps are relatively mild shifts in engine operation points. The aim is to understand the differences 
between the transient operation with the reference fuel and the B70 blend. A typical speed step from 900 
to 1250 rpm at very low load is presented in Figure 5.8. The increased volume fuel consumption of the 
biodiesel blend (lower part of the diagram) is mainly due to the lower volume energy content of the 
biodiesel (Table 5.2) [117]. It should be noted here that the data acquisition rate is automatically increased 
following the engine speed, due to the triggering mode applied by the ECU.  
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Figure 5.9 presents the comparative results of a step to a higher speed of 2500 rpm, at a medium load 
level of 70 Nm. Now the acquisition rate is faster and the overshoot in rail pressure and main injection 
advance are more apparent. 
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Figure 5.8. Differences in fuel injection parameters (common rail pressure and pressure set point, pilot and 
main injection advance and pilot and main injection duration) and fuel consumption for B0 and B70 during 
the 900-1250 rpm step at 20 Nm.  
100
200
300
400
500
600
700
800
900
1755 1756 1757 1758 1759 1760 1761 1762 1763 1764 1765
Time [s]
 M
ai
n
 I
n
j.
A
d
v
. 
[o
C
A
],
 M
ai
n
 I
n
j.
D
u
r.
 [
μ
s]
, 
E
n
g
in
e
 S
p
e
e
d
 [
rp
m
]
150
300
450
600
750
900
1050
1200
1350
R
a
il
 P
r.
 [
b
a
r]
, 
R
a
il
 P
r.
 (
s.
p
.)
 [
b
a
r]
, 
F
u
e
l 
C
o
n
s.
 [
m
m
3
/s
t]
, 
In
.M
a
n
if
.P
r.
 [
m
b
a
r]
Engine Speed/10
Main Injection Duration B0
Main Injection Duration B70
Main Injection Advance*100 B0
Main Injection Advance*100 B70
Rail Pressure B0
Rail Pressure B70
Rail Pressure (set point) B0
Rail Pressure (set point) B70
Fuel Consumption*10 B0
Fuel Consumption*10 B70
Intake Manifold Pressure B0
Intake Manifold Pressure B70
 
Figure 5.9. Differences in fuel injection parameters (common rail pressure and pressure set point, main 
injection advance and main injection duration), turbocharger parameter (intake manifold pressure), and 
fuel consumption for B0 and B70 during the 1750-2500 rpm step at 70 Nm. 
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Figure 5.10. Differences in fuel injection parameters (common rail pressure and pressure set point, pilot 
and main injection advance and main injection duration), fuel consumption, intake manifold pressure and 
EGR valve position for B0 and B70 during the 2500-1500 rpm step at 100 Nm. 
 
Rail pressure levels and overshoot are higher with the B70 blend. This should be resulting from the 
reduced volume energy content of the biodiesel blend. Higher rail pressure and fuelling levels lead also to 
higher injection advance crank angles.  Fuelling rates per stroke are gradually reduced as we shift to 
operation points of higher engine efficiency. Reduced amplitude of rail pressure oscillations is observed 
with the B70 fuel.  
Figure 5.10 shows the respective results of a step decrease from 2500 rpm to 1500 Nm, at a load level of 
100 Nm. Increased amplitude in rail pressure oscillations with the B70 fuel is observed in this figure. On the 
other hand, the amplitude of rail pressure oscillations is increasing as we shift to the 1500 rpm regime. The 
same is true for the fuelling rates per stroke which are gradually increased as we shift to operation points 
of lower brake engine efficiency. EGR valve setting and intake manifold pressure are also recorded in this 
figure.  
As already mentioned, this is a 1st generation system (CP1 pump). There exist significant pressure and 
injection duration oscillations at part load, that are reduced at high loads, where the return fuel rate is 
significantly reduced. As we shift to high- load points, the engine increasingly fails to perform the 
acceleration steps, presumably due to the reduced heating value of the biodiesel fuel. As the engine speed 
is increased, oscillations in rail pressure and main injection duration are less pronounced. The engine 
operation stabilizes at 2400 rpm with reduced fluctuations in the duration of main injection. This is true 
both for the reference and the B70 fuel. The engine can hardly fulfill the task of accelerating from 2800 to 
3000 rpm at the high load level of 200 Nm only with the reference fuel.  
In Figure 5.11 it is observed that the engine cannot sustain the 3000 rpm-200 Nm operation point. This 
results in large engine speed oscillations. The change in behavior of the engine in this regime can be 
explained by the structure of the specific fuel injection ECU maps (pilot injection is shut off beyond 3250 
rpm).   
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Figure 5.11. Fuel injection parameters, fuel consumption and engine speed for B0 at the failing operation 
point, 3000 rpm-200 Nm. 
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Figure 5.12. Fluctuations of fuel injection parameters (common rail pressure and pressure set point, pilot 
and main injection advance and pilot and main injection duration), fuel consumption and engine speed for 
B70 during the 2800-3000 rpm failing step at 200 Nm. 
 
According to Figure 5.12, the 3000 rpm-200 Nm operation point is completely impossible to catch with 
the B70 fuel. The reason must be attributed to the smoke limit of 52.8 mm3/st imposed by the smoke map 
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(Figure 5.1). The resulting, significant oscillations in fuel delivery are affecting also the main injection 
advance, thus leading to more complex speed and torque perturbations. Finally the engine behavior in load 
steps, 130 Nm to 160 Nm at 2000 rpm, is smoother because the speed which is the main influence 
parameter in the ECU maps is fixed.  
As a general conclusion from the above comparisons, it can be stated that the reduced heating value of 
the biodiesel fuel is limiting the engine’s ability to attain the highest-load points of the operation map. 
Clearly, it is necessary to expand the operating envelope of the following engine operating parameters: 
pilot and main injection advance, rail pressure and injection duration. Modern engine calibration 
techniques that typically employ Design of Experiments (DoE) based test programmes are useful in this 
process [122]. In addition to the expansion of the fuelling and injection advance maps employed by the 
engine ECU, the combined effect on the engine operation should be studied. That is, while each one of the 
above injection parameters will increase in its mapped maximum setting, the combination of several 
parameters could take the engine into unstable regions.  
Modern DoE techniques should be applied to limit the additional experimentation tests that should 
cover the upper part of the limit space, exploiting prior knowledge with the specific engine. Clearly in such 
cases it is necessary to have an understanding of how the calculated response is perturbed by adjustments 
made within the engine controller. For example, increasing the air mass flow (typically by throttle angle or 
waste-gate control) at constant fuelling conditions to achieve a target lambda will have a different effect 
compared to reducing the fuel flow rate (typically by injection duration) while leaving air mass flow 
unchanged. A certain extent of remapping of the engine control unit could extend the maximum fuel per 
stroke by about 15%. This will affect a number of ECU maps that have fuel delivery per stroke as 
independent variable. Also, the maps affecting fuelling strategy during transients may need some 
improvement, based on a compromise between minimum NOx emissions, minimum smoke emissions and 
minimum specific fuel consumption [123]. The difference in air mass flow requirements of the biodiesel 
could also be taken into account to some extent for further fine tuning. However, the requirement that the 
same engine is able to use alternatively diesel fuel and biodiesel blends of varying percentage should be 
always covered by the ECU programming. The use of some type of fuel quality sensor would be essential in 
this direction. The development of engine models that are flexible in fuelling by high percentage biodiesel 
blends could be rewarded by an improved performance of the exhaust treatment system (especially the 
diesel particulate filter) [63, 64]. 
5.5  Suggested engine improvements 
According to previous sections, it becomes obvious that the difference between pure diesel and 
biodiesel gross heating value affects the engine performance. As it was mentioned in [117] the most 
important control variables of Engine Control Unit are the fuel delivery per stroke and engine speed. In 
addition, fuel density is important since the rail pressure, main and pilot injection advance are determined 
from the desired fuel delivery per stroke. The proposed improvement approach lies in the introduction of 
the changeable fuel density in ECU’s cartography in order to increase the volume of injected fuel but 
sustain stable the total input energy per stroke. Figure 5.13 (left) presents the maximum fuel delivery per 
stroke, which approaches the value of 55 mm3/ stroke. Based on the above, the maximum increase of the 
fuel injected volume for B100 is given by the equation: 
 
   strB0 strB100 0 spB0 uB0 100 spB100 uB100E E b H b H [5.3]   
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


  

3 3
0 spB0 uB0
spB100 3
100 uB100
b H (825kg /m )(55mm /st)(43.3MJ/kg)
b
H (865kg /m )(37.7MJ/kg)
 3spB100b 60.25mm /st   
In our case, the measurements were conducted by using B70 blend. The maximum fuel delivery per 
stroke is defined as: 
  spB70 spB0 spB100 spB0b b BR(b b ) [5.4]   
   3 3 3spB70b (55mm /st) 0.7[(60.25mm /st) (55mm /st)] 
3
spB70b 58.68mm /st  
 
Taking into account these calculations, rail pressure and pilot injection fuel delivery maps are modified, 
as Figure 5.13 and Figure 5.14 show. The orange-coloured rectangle area represents the maps proposed 
extension to the value of 60 mm3/st.  
 
 
Figure 5.13. Differences between original rail pressure map (left) and proposed map (right).   
 
 
Figure 5.14. Differences between original pilot injection fuel delivery map (left) and proposed map (right).    
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 17:59:23 EET - 137.108.70.7
65 
 
 
 
However, it must be mentioned here that prolonged testing of the specific engine during the last two 
years resulted in the unpleasant experience of failure of the high pressure fuel pump. Based on this 
experience, which confirms experience from other researchers, it would not be wise to exploit the full 
range of biodiesel blending with this type of engines, until the required fuel system modifications are 
decided by the manufacturers. A maximum blending of 30% on the average would be a more conservative 
approach. 
5.6  Conclusions 
 Comparative test results in steady state and transient mode with a common rail, high pressure 
injection, passenger car diesel engine fuelled by B70 versus normal diesel fuel are presented.  
 The biodiesel employed in the tests was a FAME based on 40% rapeseed oil, 30% soybean oil and 
30% waste cooking oils as raw material, supplied by a local factory. 
 The decreased volume heating value of the biodiesel explains the deterioration in engine 
performance during speed transients at high loads.  
 As expected, decreased air to fuel ratio values were measured with the B70 blend. On the other 
hand, lambda was observed to increase at the medium-to-high load range. 
 The effect of the B70 blend on the dynamics of the main fuel injection parameters (common rail 
pressure, pilot and main injection advance and duration) was measured and explained based on 
the ECU maps and control strategy.  
 Certain improvements are suggested to the ECU maps that could allow engine operation at high 
biodiesel blends without significant loss in engine performance or deterioration in transient mode 
emissions. The maximum fuel delivery per stroke is proposed to extend by about 10%.  
 Continued operation of the engine with the specific, high biodiesel fuel blend, resulted in the 
failure of the high pressure fuel pump. Based on this experience, it was decided to continue the 
tests with lower percentage of biodiesel blending. 
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PART  2    
EXPERIIMENTS  WII TH  A  CONVENTIIONAL  DII   DIIESEL  
ENGIINE  FUELLED  BY  LOW  PERCENTAGE  BII ODIIESEL  
BLENDS  
 
 
In the second part of this thesis we focus on the effect of low percentage biodiesel blends on the 
combustion characteristics, energy balance and filter regeneration behavior of a single cylinder DI Diesel 
engine.  
 
The results of engine bench tests of a 0.477 l single cylinder, direct injection diesel engine fuelled by B20 
biodiesel blend are compared with the corresponding results of baseline tests with diesel fuel. The effects 
of biodiesel blend (B20) on the diesel engine smoke, fuel consumption, engine efficiency, cylinder pressure 
and mass fraction burned are analyzed and presented. A series of characteristic steady state operation 
points for engine testing is selected to serve this purpose. Also, additional analysis of indicator diagrams 
based on commercial simulation software (GT-Suite) was carried out, in order to better understand the 
effect of biodiesel on combustion. The combustion of biodiesel blend (B20) in an unmodified engine results 
in advanced combustion, reduced ignition delay, increased total burn duration and increased burn rate in 
the initial uncontrolled premixed combustion phase. The advanced combustion assists in the reduction of 
smoke compared to pure diesel combustion. The lower calorific value of the fuel blend results in increased 
fuel consumption; however, the engine thermal efficiency is not affected significantly. According to the 
engine energy balance there is a small reduction of brake power and a respective increase of exhaust 
losses. 
 
The combustion of biodiesel fuel in compression ignition engines results in lower smoke, particulate 
matter, carbon monoxide and hydrocarbon emission compared to standard diesel fuel [124-126]. In 
general, the combustion of biodiesel in unmodified diesel engines equipped with pump-line-nozzle systems 
results in advancement of the combustion process compared to diesel fuel. This is due to differences in 
chemical and physical properties of the fuels [127-130]. On the other hand, for engines equipped with 
common rail injection systems this relationship is not so clear and it depends on the respective ECU maps 
[117] as presented in Chapter 5. 
 
In this part, the combined effects of B20 blend on engine performance and smoke emissions are 
analyzed and compared with the results obtained from the engine operating on EN590 diesel fuel. The 
diesel engine used is equipped with pump line nozzle type fuel injection system. 
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6. Experimental layout and test procedure with the single cylinder 
Diesel engine 
In this chapter, the effect of a biodiesel blend (B20) on diesel engine fuel consumption, engine 
efficiency, smoke emissions, injection and combustion characteristics are analyzed and presented. In order 
to better analyze and understand the effect of B20 on combustion characteristics, analysis of indicator 
diagrams was conducted by means of commercial engine simulation software, GT-Suite v.7.0. The 
combustion of our FAME (40% rapeseed oil, 30 % soybean oil, 30% recycling cooking oils) as blended with 
diesel fuel in an unmodified engine results in advanced combustion, reduced ignition delay and increased 
heat release rate in the initial premixed combustion phase as indicated by means of mass fraction burned 
versus crank angel graphs. The more advanced combustion along with the higher oxygen presence assists in 
the reduction of smoke compared to pure diesel combustion. The lower calorific value of FAME results in 
increased fuel consumption. Reduced in-cylinder pressure, in the case of B20, leads to lower indicated 
power, engine thermal efficiency and higher exhaust gas losses. Further combustion analysis indicates an 
increase in total combustion duration (0 %-100 %) due to slow combustion of B20. It should be mentioned 
that the combustion process is strongly related with the injection characteristics (velocity and diameter 
distributions) of the injected fuel. The effect of biodiesel on injection characteristics will be presented in 
Chapter 9. 
6.1 The injection process in a PLN injection system 
The Ruggerini RF91 engine injection system is a typical PLN arrangement consisting basically of a piston-
type pump, a high pressure line and an injector. In the pump, a cam-driven plunger operates in a closely 
fitting barrel. The barrel communicates with the fuel supply line through a feed port and with the high 
pressure line through a delivery valve. When the plunger is at its bottom dead centre the feed port is open 
and fuel from the supply pump fills the barrel. An injection event begins when the pump cam pushes 
plunger up, covering the feed port. At this time the pressure of the fluid in the barrel starts to rise. The 
mounting pressure lifts the delivery valve cone from its seal and fuel passes through the valve into the high 
pressure delivery line towards the injector. Fuel pressure pushes against the lower side of the injector 
needle. When it reaches a value that can overcome its spring force, NOP, the needle lifts and injection 
starts. The injection process is completed when the helix of the pump plunger uncovers the feed port and 
the pressure in the plunger chamber drops. 
In most injection pumps, part of the delivery valve stem has the form of a “retraction piston” that fits 
closely into the valve guide. This type of delivery valve is usually referred to as constant valve. In this case, 
when the valve spring pushes the valve stem back, the retraction piston slides into the valve guide and 
shuts off the high pressure delivery line from the plunger chamber. As a consequence of valve motion, the 
space available for the fuel in the high pressure line increases by the charge volume of the retraction 
piston, causing an abrupt pressure reduction and precise closure of the injection nozzle [131]. At the end of 
the valve stroke, the delivery valve cone is pressed back against the valve seat, isolating the space above 
the pump plunger from the high pressure portion of the system until the next delivery stroke. The fuel 
pressure in the injection pipe at the start of the delivery is referred to as residual pressure. 
In constant volume valves, return flow restrictions may be used to dampen the pressure waves 
produced when the nozzle closes. Furthermore, constant pressure waves may be used in high pressure fuel 
injection systems to maintain a virtually constant static pressure in the high pressure delivery line between 
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fuel injection phases. Advantages of constant pressure wave valves include prevention of cavitation, 
improved hydraulic stability, and more precise fuel injection.  
 
Figure 6.1. Design and functional principle of inline pump [101]. 
6.2 Experimental setup 
6.2.1 Engine test equipment and injection system 
The experiments were carried out on a Ruggerini RF91 engine. The engine is a 477 cm3, naturally 
aspirated, air cooled, single cylinder direct injection diesel engine equipped with a SiC diesel particulate 
filter. The fuel injection system, which is presented in Figure 6.2 and Figure 6.3, has a four hole nozzle with 
hole diameter of 0.24 mm located near the combustion chamber centre with an opening pressure of 210 
bar. The engine piston is a bowl –in- piston design and is presented in Figure 6.5. The engine is coupled with 
a single phase generator (MS100LG by NSM generators) with a maximum power of 6 kVA loaded with a set 
of 4 resistances with a maximum capacity of 1.5 kW for each resistance. In order to better realize single 
phase generator behavior under different operating conditions, active output power measurements were 
conducted by means of Fluke 1735 Three phase power logger under several low, medium and high load 
engine operation points. The measurement setup is presented in Figure 6.4. The main engine and injection 
system specifications are summarized in Table 6.1 and Table 6.2  respectively.  
 
Table 6.1. Ruggerini RF91 engine specifications. 
Engine type DI 4 stroke naturally aspirated diesel engine 
Engine model RF91 
Number of cylinders 1 
Bore 90 mm 
Stroke 75 mm 
Rated power 8.1 kW, 3600 rpm 
Rated torque 25 Nm, 2500 rpm 
Compression ratio 18.5:1 
Diesel particulate filter IBIDEN SiC filter 
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Table 6.2. RF91 conventional injection system specifications 
Engine type NEW DIESEL pump in line nozzle injection system 
Needle diameter 4 mm 
Number and diameter of nozzle holes 4 x 0.24 mm 
Nozzle hole length 0.6 mm 
Pin height 0.125 mm – 0.175 mm 
Sump volume 0.36 mm3 
Opening Pressure 210 bar 
Pump plunger diameter 7 mm 
Drive rod length 65.8 mm – 66 mm 
High pressure line length 400 mm 
 
 
Figure 6.2. High pressure line (left), injector location (centre) and diesel pump (right). 
 
 
Figure 6.3. RF91 injection system. Injection pump components and disassembly view (left) and mechanical 
injector cutaway view (right). 
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 17:59:23 EET - 137.108.70.7
70 
 
 
 
 
Figure 6.4. Experimental setup for single phase generator active output power measurements. Fluke 1735 
data logging device (yellow one, left) and electrical connections at generator output cable (right).  
 
 
Figure 6.5. Cylinder head disassembly.  
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For the measurement of cylinder pressure, (indicator diagram), a Kistler 6052B1 piezoelectric 
transducer is used flush mounted to the cylinder head, close to the injector, and connected to a Kistler 
AG5044A charge amplifier (main characteristics in Table). The crankshaft position was measured using a 
digital shaft encoder. The engine test rig included other standard engine instrumentation such as K-type 
thermocouples, pressure transducer and an electronic balance for fuel consumption measurement.  
The temperatures were measured at the cylinder outlet, at the inlet of the diesel particulate filter and 
at 2 positions inside the filter, centre and periphery. The loading level of the diesel particulate filter was 
measured using a JUMO 0-500 mbar differential pressure transducer. A Kern electronic balance with a 
weighting range of 0.1 to 4000 g was used for the monitoring of engine fuel consumption. The exhaust gas 
A/F ratio was measured by means of an UEGO sensor (type 6110A). Figure 6.8 shows a full schematic 
arrangement of the exhaust line instrumentation and data logging system. The output signals from the 
above sensors were collected by 3 National Instruments data acquisition cards using different acquisition 
rate for each card. 
  Particulate samples were collected for B0 and B20 at a medium load steady state operation, 3250 rpm 
with 16.2 Nm. To ensure repeatability and comparability of the measurements, samples were collected 
after the engine has reached the steady state as indicating by exhaust gas temperature when they reached 
steady values. Moreover, upon switching the test fuel, the engine was allowed to operate with the new fuel 
for fifteen minutes (15 min) to clean the fuel system.  
The recorded particulate sampling was not carried out from diluted exhaust gas, the samples taken 
from undiluted gas before and after the diesel particulate filter in 47 mm filters, 3 for each fuel. After that, 
the samples were measured in order to determine the collected soot mass and the efficiency of the filter. 
Pallflex filter device was mounted in two positions, as shown in Figure 6.6. 
 
 
Figure 6.6. Pallflex filter device mounted in two positions at the exhaust line, before diesel particulate filter 
(a and b images) and after diesel particulate filter (c and d images).   
 
Single phase generator active output power measurements are presented in Figure 6.7. As it can be 
seen, there are 4 equations one for each resistance. Another important observation is related with the 
maximum output power from each resistance which is increased in accordance with the engine speed and 
reaches the values of 1.8 kW, 3.1 kW, 3.7 kW and 4.4 kW for 1R, 2R, 3R and 4R respectively. 
 
a
) 
b c d 
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Figure 6.7. Single phase generator characteristic curves.   
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Figure 6.8. RF91 exhaust line instrumentation included six sensors and data logging system. 
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6.2.2 Equipment for indicator diagrams 
In this paragraph, a detailed presentation of the equipment for indicator diagrams is given. In order to 
create an indicator diagram a pair of measurements is necessary, in-cylinder pressure and crank angle. In 
this case, the first was measured with a KISTLER 6052B1 piezoelectric pressure transducer and the second 
with a digital shaft encoder. Piezoelectric sensor’s signal was transferred via a high insulated cable to the 2-
channel charge amplifier, KISLTER AG5044A.  
The charge amplifier is used to convert charge signals, pC, from the piezoelectric sensor into 
proportional voltages, which represents amplifier’s sensitivity. The sensitivity can be set to three significant 
figures with coding switches. This makes is very easy to put the amplifier into operation, in which only the 
sensitivity of the sensor used needs to be entered. There is another scale in bar/V, in order to be converted 
the signal from bar to volt and send it to the data acquisition card. In our case, the acquisition was 
conducted by means of high-speed National Instruments PCI-6259, with maximum sample 1.25 
MSamples/s, as shown in Figure 6.11 and Table 6.5. Piezoelectric pressure transducer position along with 
the high insulated transfer cable and the charge amplifier are presented in Figure 6.9.  
As already mentioned, the sensor was carefully mounted to engine’s cylinder head. The mounting sleeve 
and the sensor are presented in Figure 6.10. As it can be seen, there is significant dimensional difference 
between the sleeve and the sensor. KISTLER 6052B1 has a length 9 mm and diameter of 4.4 mm. Detailed 
technical data of piezoelectric sensor and charge amplifier ,included the coding for the switches, are 
presented in Table 6.3 and Table 6.4 respectively. 
     
 
Figure 6.9. Experimental equipment for indicator diagrams. KISTLER piezoelectric transducer (6052B1) 
position on engine’s cylinder head and high insulated transfer cable (1929A1) (left) along with KISTLER 
charge amplifier (AG5044A) position (right) are presented. 
 
 
Figure 6.10. Mounting sleeve 6525Asp (left) and piezoelectric sensor 6052B1 (right). 
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Table 6.3. Piezoelectric sensor technical data. 
Manufacturer Kistler 
Type 6052B1 
Measuring range [bar] 0…250 
Sensitivity [pC/bar] -20 
Natural frequency [kHz] ≈130 
Linearity [%FSO] ≤  ± 0.4 
Temperature range [oC] -50…400 
Sensitivity change 
200 oC ± 50 oC [%] 
23…350 oC [%] 
 
<± 0.5 
< ± 2 
Thermal shock at 9 bar pmi [1500 1/ min] 
Δp (short term) [bar] 
Δpmi [%] 
Δpmax [%] 
 
≤ ± 0.5 
≤ ± 2 
≤ ± 1.5 
Dimensions   D [mm] 
                         L [mm] 
4.4 
9 
 
Table 6.4. Charge amplifier technical data 
Manufacturer Kistler 
Type 5044A 
Number of channels 2 
Measuring range   (Offset jumper to NC)   [pC] 
                                 (Offset jumper to –8 V) [pC] 
± 100…±49950 
(-20…+180)…(-10,000…+90,000) 
Accuracy [%] <± 1 
Sensor sensitivity [pC/M.U.] 1…99.9 
Scale (in 1,2,5 stages) [M.U./V] 1…500 
Drift (0…60 oC) [pC/s] 
          (25 oC) [pC/s] 
<± 0.2 
<± 0.05 
Reset-Long transition [pC] <± 1 
Time constant: Long [s] >1000,000 
Output voltage [V] 0…± 10 
Output current [mA] 0…± 2 
Output resistance [Ω] 10 
Zero point error (Reset) [mV] ± 15 
Frequency range (20 Vpp) [Hz] ≈ 0…>45,000 
Low-pass filter [Hz] 10…20,000 
“Overload” threshold [V] ≈± 10.5 
Offset adjustable with jumper [V] -8.0 ±1 % 
Max voltage between sensor GND and output/supply GND [V] <± 50 
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Figure 6.11. PCI-6259 high speed data acquisition card. 
 
Table 6.5. Main specifications of high speed multifunction M Series data acquisition card. 
General  
Product name PCI-6259 
Product family Multifunction data acquisition 
DAQ product family M Series 
Measurement type Quadrature encoder, digital, voltage, frequency 
Analog Input 
Channels  32, 16 
Single-ended channels 32 
Differential channels 16 
Resolution 16 bits 
Sample Rate 1.25 MS/s 
Max Voltage 10 V 
Analog Output 
Channels 4 
Resolution 16 bits 
Max Voltage 10 V 
Digital I/O 
Bidirectional channels 48 
Max clock rate 10 MHz 
Physical specifications 
Length 15.5 cm 
Width 9.7 cm 
I/O Connector 68-pin VHDCI female 
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6.2.3 Properties of fuels and blending 
The fuels under investigation are pure Diesel (0% biodiesel), and two blends of 20 vol.%  biodiesel in 
pure diesel. B0 conforms to European standard EN 590. The biodiesel employed in the measurements is a 
fatty acid methyl ester produced by 40% rapeseed oil, 30% soybean oil and 30% recycled cooking oils. It 
was supplied by ELIN biofuels SA (Volos factory) and conforms to EN-14214:2008 specifications [118]. The 
main specifications of the used fuels, along with the properties of B40 and pure biodiesel are shown in 
Table 6.6.  
 
Table 6.6. Fuel properties. 
Specifications / ranges B0 B20 B40 B100 
Cetane number 50 - - 55 
(A/F)st 14.5 14.10 13.69 12.48 
Lower heating value [MJ/kg] (calculated) 43.3 42.18 41.06 37.7 
  
6.2.4 Experimental procedure 
Data acquisition and combustion analysis were carried out using in-house developed LabVIEW-based 
code and commercial engine simulation software respectively. Output from the analysis of consecutive 
engine cycles included peak engine cylinder pressure, values of indicated mean effective pressure (imep), 
percentage coefficient of variation of imep (% COVimep), average crank angle for ignition delay and burn 
duration. The COV of imep was used as criteria for combustion stability (cyclic stability).  
The combustion of the examined fuels was examined at 3 engine operating points as shown in Table 6.7. 
The total number of recorded engine cycles for each fuel and operation point is also presented in this table. 
 
Table 6.7. RF91 engine steady state operation points and total number of captured engine cycles. 
Engine Speed 
[rpm]/Pel [kW] 
Engine cycles-A Engine cycles-B Engine cycles-C Engine cycles-D 
B0 B20 B0 B20 B0 B20, B40 B0       B20,B40 
2000/0.22 922 300 453 419 525 314 153 171 
2600/0.83 1302 833 367 641 476 589 661 571 
3250/2.51 2100 277 1568 794 2797 1005 1717 1400 
 
6.3 Results and Discussion 
6.3.1 Calculation of injection timing advance in a PLN injection system 
Tat and Van Gerpen [132] proposed a model calculate injection delay in a PLN system by evaluating 
differences in injection timing between conventional diesel and soy methyl ester in a John Deere 4276T 
engine running at 2100 rpm. The model is summarized below. 
Assessment of the injection timing advance related to biodiesel took into account two factors: the faster 
pressure wave propagation due to higher speed of sound and the faster pressure rise produced by the 
pump due to lower compressibility of biodiesel (high bulk modulus).  
The rate of fuel pressure rise was related to the volume change produced by the injection pump 
plunger, the volume of compressed fluid and the fluid bulk modulus, as follows:  
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f
dp dV 1
=-BM [6.1]
dθ dθ V
     
where p: fuel pressure in the injection line, Vf: volume of compressed fuel, BM: isentropic bulk modulus and 
θ: crankshaft angle. 
The rate of volume change produced by the injection pump plunger is given by the following equation: 
p θ p
dV dx
- = A =u A [6.2]
dθ dθ
    
 
where u: plunger velocity, Ap: plunger area and the Eq.(1) takes the following form, 
θ p
f
dp BM
= u A [6.3]
dθ V
     
 
Taking all the variables in Eq.(3) as constants the equation can be integrated to describe fuel pressure as 
a function of crankshaft angle: 
θ p
0 0
f
ΒΜu A
p(θ)= (θ-θ )+p [6.4]
V
    
 
According to Eq.(4) the crankshaft rotation required to reach the nozzle opening pressure (NOP) was:  
0
0 f
θ p
(NOP-p )
Δθ=θ-θ = V [6.5]
BMu Α
    
 
The results of the calculated crankshaft rotations until the nozzle opening pressure for 4 fuels, B0, B20, 
B40 and B100 are summarized in Table 6.8. Based on these results, it is obvious that the higher bulk 
modulus of biodiesel fuel leads to an injection timing advance of 0.22o, 0.42o and 1.1o for B20, B40 and 
B100 respectively.  
 
Table 6.8. Calculated crankshaft rotation until NOP (impact of bulk modulus). 
Crankshaft rotation required to reach the NOP - B0    [CA]    10.22 
Crankshaft rotation required to reach the NOP - B20  [CA] 10.0 
Crankshaft rotation required to reach the NOP - B40  [CA] 9.8 
Crankshaft rotation required to reach the NOP - B100 [CA] 9.12 
 
In addition, the impact of the speed of sound should be taking into account for the total calculation of 
the injection timing advance.   
The Ruggerini RF91 engine has injection line of 0.4 m long, as shown in Figure 6.2. If the fuel supplied to 
the engine is at 40 oC, the speed of sound for conventional diesel and rapeseed methyl ester are 1302 m/s 
and 1345 m/s respectively (at atmospheric pressure). A pressure wave moving through diesel fuel in the 
injection line will take 0.307 ms to propagate from the pump to nozzle. This corresponds to 2.95 CA of 
crankshaft rotation at 1600 rpm. Detailed results for B0, B20, B40 and B100 fuels under several engine 
speeds from 1600 rpm to 3600 rpm are summarized in Table 6.9.    
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Table 6.9. Calculated injection timing advances (impact of speed of sound). 
Engine Speed [rpm] ms/CA 
Total CA for B0 
case - PtN time 
Total CA for B20 
case - PtN time 
Total CA for B40 
case - PtN time 
Total CA for B100 
case - PtN time 
1600 0.1042 2.95 2.93 2.91 2.86 
1700 0.0980 3.13 3.11 3.09 3.03 
1800 0.0926 3.32 3.30 3.28 3.21 
1900 0.0877 3.50 3.48 3.46 3.39 
2000 0.0833 3.69 3.66 3.64 3.57 
2100 0.0794 3.87 3.85 3.82 3.75 
2200 0.0758 4.06 4.03 4.00 3.93 
2300 0.0725 4.24 4.21 4.19 4.10 
2400 0.0694 4.42 4.40 4.37 4.28 
2500 0.0667 4.61 4.58 4.55 4.46 
2600 0.0641 4.79 4.76 4.73 4.64 
2700 0.0617 4.98 4.95 4.91 4.82 
2800 0.0595 5.16 5.13 5.10 5.00 
2900 0.0575 5.35 5.31 5.28 5.17 
3000 0.0556 5.53 5.49 5.46 5.35 
3100 0.0538 5.71 5.68 5.64 5.53 
3200 0.0521 5.90 5.86 5.82 5.71 
3250 0.0513 5.99 5.95 5.91 5.80 
3300 0.0505 6.08 6.04 6.01 5.89 
3400 0.0490 6.27 6.23 6.19 6.07 
3500 0.0476 6.45 6.41 6.37 6.25 
3600 0.0463 6.64 6.59 6.55 6.42 
 
Combining the above results, we observe that the injection timing advance in the case of our 3 
measured operation points is: 
 
B20 
o o o o
2000 bulkmodulus speedofsoundITA 0.22 (3.69 3.66 ) 0.25         
o o o o
2600 bulkmodulus speedofsoundITA 0.22 (4.79 4.76 ) 0.25         
o o o o
3250 bulkmodulus speedofsoundITA 0.22 (5.99 5.95 ) 0.26         
 
B40 
o o o o
2000 bulkmodulus speedofsoundITA 0.42 (3.69 3.64 ) 0.47         
o o o o
2600 bulkmodulus speedofsoundITA 0.42 (4.79 4.73 ) 0.48         
o o o o
3250 bulkmodulus speedofsoundITA 0.42 (5.99 5.91 ) 0.5         
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As it can be seen, the highest injection timing advance is calculated using B40 fuel under high engine 
speed operation point, 3250 rpm. Start of injection was earlier for 0.26o and 0.5o with B20 and B40 
respectively. These observations are in accordance with the literature [4, 29]. Nevertheless, it becomes 
obvious that there is not significant effect of the blending ratio on the injection timing advance.  
6.3.2 Cycle-to-cycle variation  
 
Figure 6.12. Differences in percentage coefficient of variation of imep for B0, B20 and B40 during two 
steady state operation points, 2600 rpm/12.7 Nm and 3250 rpm/16.2 Nm. 
 
Figure 6.12 presents the measured effects of the biodiesel blending ratio on the coefficient of variance 
of the indicated mean effective pressure at 2600 rpm-12.7 Nm  and 3250 rpm -16.2  Nm. In all the tests, the 
COVs were below the engine normal operation limit of 10 % [131].The increase of the biodiesel blending 
ratio appears to increase the COVimep from to 8.6 % (B0) to 8.8 % (B20) and 9.4 % (B40). As a result, the 
combustion of blended fuels is less stable compared to B0, modifying the soot formation procedure and 
enhancing biodiesel combustion stochastic behavior. On the other hand, a reduction of COV during the 
transition from 2600 rpm/12.7 Nm to 3250 rpm/16.2 Nm is observed for all the fuels.  
6.3.3 Combustion characteristics 
The effect of injection timing and blending ratio of biodiesel on the combustion pressure, normalized 
cumulative burning rate and combustion duration in the single cylinder direct injection diesel engine was 
investigated. Figure 6.13 illustrates the influence of the blending ratio on various typical combustion 
intervals (0-90%, 10-90%, 0-10%, 0-50%, 10-75%, 0-100%). The duration of these characteristic intervals 
was calculated based on the processing of the indicator diagrams by means of the GT-Power software, 
using the provided Engine Heat Release Utility [133].  
As it can be seen, there is an increase of the overall combustion duration from 45o for B0 to 46.7o for 
B20 blend due to higher droplet diameters which lead to slower combustion. The higher the Sauter Mean 
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Diameter the less easily it is for a droplet to evaporate [134]. Biodiesel atomization characteristics are 
clearly presented in Chapter 7. On the other hand, burn duration 0-10 % and 0-50 % are lower using B20, 
leading to faster combustion during combustion premixed phase until crank angle of 50 % burn point. 
 
Figure 6.13. Differences in combustion characteristics (burn duration and crank angle of 50% burn point) 
for B0 and B20 during the steady state operation point, 3250 rpm/16.2 Nm. 
 
Figure 6.14. Comparison of mass fraction burned versus crank angle curve for B0 and B20 blend during the 
operation point, 2600 rpm/12.7 Nm.                                                         
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Figure 6.15. Comparison of mass fraction burned versus crank angle curve for B0 and B20 blend during the 
filter loading operation point 3250 rpm/16.2 Nm. 
 
More details on the calculated evolution of combustion are presented in the form of cumulative fuel 
burning for 2600 rpm/12.7 Nm and 3250 rpm/ 16.2 Nm in Figure 6.14 and Figure 6.15 respectively. The 
increase of the FAME percentage in the fuel blend appears to reduce the ignition delay and shift the start of 
combustion to an earlier stage from 10.3o (B0) to 8.7o (B20). According to these figures, premixed 
combustion burn rate is higher for B20 due to the contribution and the amount of oxygen atoms, 
enhancing the exothermic reactions. 
                                                                              
6.3.4 Soot emissions 
The collected particulate samples for B0 and B20 are presented in Figure 6.16. The oxygen content of 
the biodiesel may contribute to improved fuel oxidation even in locally rich fuel combustion zones, thus 
resulting in the reduction of smoke. The increased oxygen concentration in the soot-forming region at the 
centre line of the fuel jet and the reduced residence time of fuel element in the soot-forming jet may 
enhance the soot reduction. The increased availability of oxygen from the combustion of biodiesel in the 
rich premixed reaction zones results in lower production of soot precursor species and hence in reduced 
rates of the soot producing reactions. The amount of soot precursor species available to produce soot 
strongly depends on the amount of oxygen available in the mixture. When sufficient oxygen is available, 
soot precursors species react with molecular oxygen or oxygen-containing radicals and eventually rather 
than aromatics and soot [135]. Differences in the engine soot emissions level for B20 and B20 comparing 
the collected mass of 3 Pallflex filters after 15 min operation on diesel particulate filter’s loading point, 
3250 rpm/16.2 Nm, are summarized in Table 6.10.  
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Figure 6.16. Comparison of particulate samples, 3 for each fuel, undiluted exhaust gas upstream filter 
passing through a Pallflex 47mm filter, collected during the filter loading point, 3250rpm/16.2 Nm. Up: 
conventional diesel (B0), Down: B20 biodiesel blend. 
 
Table 6.10. Differences in the engine soot emissions level for B20 and B20 comparing the collected mass of 
3 Pallflex filters after 15 min operation on diesel particulate filter’s loading point, 3250 rpm/16.2 Nm.   
Fuel B0  B20 
Filter number 1st  2nd  3rd  1st  2nd  3rd  
A/F 33.98 31.96 31.50 32.62 30.6 30.14 
Clean filter mass [g] 0.090 0.092 0.091 0.092 0.093 0.092 
Loaded filter [g] 0.101 0.103 0.103 0.098 0.099 0.100 
Soot Loading mass [g] 0.011 0.011 0.012 0.006 0.006 0.008 
 
Although the engine particulate emissions were not measured based on a legislated procedure with 
diluted exhaust gas, it is interesting to see the results of simple tests with undiluted exhaust gas, and 
subsequent weighing of the samples after conditioning at 48h at 25 oC, 50% RH. The lower blackening of 
the filters in the case of B20 is apparent together. These observations, which are in accordance with the 
literature [136-140] can be mainly explained by the oxygen content of biodiesel molecule, which enables 
more complete combustion and promotes the oxidation of the already-formed soot. In addition, the lower 
stoichiometric need for air in the case of biodiesel blend combustion reduces the probability of fuel-rich 
regions in the non-uniform fuel-air blend. Moreover, the advanced combustion in the case of B20, already 
discussed in Section 6.3.3, enlarges the residence time of soot particles in a high-temperature atmosphere, 
which in the presence of oxygen promotes further oxidation. 
 
1st  2nd  3rd   
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6.3.5 Energy balance 
 
Figure 6.17. Differences in energy balance for B0 and B20 during the steady state operation point, 3250 
rpm/16.2 Nm. Decreased engine brake power along with increased exhaust gas losses are presented in the 
case of B20 blended fuel. 
 
Energy balance at a typical engine operation point was calculated, based on the measurement of engine 
torque and speed, friction losses, indicated mean effective pressure, exhaust enthalpy and check with 
estimation of heat losses to cooling air (by means of infrared thermography). The increased fuel 
consumption with the increase of the biodiesel content of the fuel blend is mainly due to the lower calorific 
value of the biodiesel and results in an increase of bsfc, from 274.3 g/kWh (B0) to 297.7 g/kWh (B20). In 
addition, there is a decrease of 1.6 % of engine thermal efficiency in the case of B20, from 30.3 % (B0) to 
28.7 % (B20) along with an increase of exhaust gas losses from 33.7 % (B0) to 35.5 % (B20). Friction and 
cooling losses were not affected from the combustion of the B20 blend.  
Figure 6.18, Figure 6.19 and Figure 6.20 present infrared images of engine external surfaces under 
steady state operation conditions, 2600 rpm/ 12.7 Nm, using pure diesel as fuel.     
 
 
Figure 6.18. Infrared (left) and digital (right) image of engine’s cylinder head and block under steady state 
operation conditions, 2600 rpm/12.7 Nm, using B0 fuel. 
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Figure 6.19. Infrared (left) and digital (right) image of engine’s cylinder head under steady state operation 
conditions, 2600 rpm/12.7 Nm, using B0 fuel. 
 
 
Figure 6.20. Infrared (left) and digital (right) back side view of engine’s cylinder head and block  under 
steady state operation conditions, 2600 rpm/12.7 Nm, using B0 fuel. 
 
As already reported the engine cooling was not calculated using appropriate infrared images but 
estimated due to the complex calculation procedure.  
6.4 Conclusions 
The combustion of two biodiesel blends, B20 and B40, was investigated and the main findings are 
summarized below. 
 The combustion of B20 and B40 in the unmodified engine with pump-line-nozzle injection system 
resulted in advance combustion compared to B0, as indicated by the presented mass fraction 
burned curves. The ignition delay was reduced while the initial uncontrolled premixed combustion 
phase was higher. 
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 The advanced combustion resulted in the reduction of smoke. The increased amount of oxygen in 
the biodiesel molecule and hence in the locally fuel-rich combustion zones is believed to be an 
additional reason for the reduced smoke. 
 The increase of the fuel consumption is mainly due to the lower calorific value of biodiesel 
compared to diesel. 
 Significant decrease of engine thermal efficiency along with an increase of the exhaust gas losses 
was reported in the case of B20 fuel. 
 Total combustion duration of B20 blend was longer due to higher injected fuel droplet diameters 
which lead to slower combustion. 
 The increase of the biodiesel blending ratio appears to increase the COV imep from to 8.6 % (B0) to 
8.8 % (B20) and 9.4 % (B40). 
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7. Investigation of the effect of biodiesel blends on the performance of 
a fuel additive-assisted diesel filter regenerations system§ 
In this chapter, the results of characteristic full-scale regeneration tests are presented with a unit SiC 
filter. Two sets of transient regeneration experiments, one for each fuel blend used, with high level of 
exhaust gas flow rate (normalized per filter volume) and markedly different levels of soot loading were 
performed. The test fuels were conventional diesel (denoted as B0) and B20 biodiesel blend. The effect of 
the biodiesel on the filter regeneration was further investigated by means of infrared thermography. The 
main objective is to investigate the complex ignition and propagation phenomena involved in the process 
of catalytic regeneration in the case of biodiesel blend and their effects on the temperature distribution 
across the filter channels and the evolution of the regeneration at the central and peripheral parts of the 
filter. 
7.1  Experimental 
The regeneration tests were performed on a SiC, 200 cpsi filter fitted to the exhaust system of the 0.477 
liter – displacement, naturally aspirated DI diesel engine. The filter is fitted about 600 mm downstream the 
exhaust manifold. The engine is tested on one small test bench (see previous chapter). DPX-9 fuel additive 
was available from previous experiments and was employed also in this case. A dosimetry of 25 ppm Ce in 
fuel was first tested. However, due to the relatively low exhaust temperatures at filter inlet, and the lack of 
active regeneration means (e.g. post-injection etc), it was considered necessary to increase to 50 ppm, 
which was kept constant in all the experiments, both with B0 and B20. The engine and diesel filter 
specifications are presented in Table 7.1.  
Figure 7.4 presents the experimental layout for the filter loading and regeneration experiments. A novel 
setup and layout was developed to study the evolution of regeneration with the use of infrared 
thermography. Figure 7.5 shows the infrared regeneration acquisition setup, which consists of filter’s 
lateral face (Figure 7.1 left) and IR camera. The distance between the lateral face of the filter and camera’s 
lens was set at 500 mm. Infrared regeneration video acquisition and frame by frame analysis were 
conducted by means of ThermaCAM Researcher Pro 2.8 software [141]. The main specifications of the 
infrared camera are summarized in Table 7.2.  
Table 7.1. Engine technical data and diesel filter specifications. 
Engine manufacturer Ruggerini 
Engine model RF91 
Engine type DI 4 stroke naturally aspirated diesel engine 
Number of cylinders 1 
Bore 90 mm 
Stroke 75 mm 
Rated power 8.1 kW, 3600 rpm 
Rated torque 25 Nm, 2500 rpm 
Compression ratio 18.5:1 
                                                             
 
 
 
§
 Part of this chapter was submitted for publication to the International Journal of Engine Research: Investigation of 
the effect of biodiesel blends on the performance of a fuel additive-assisted diesel filter regenerations system. 
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Diesel filter manufacturer Ibiden  
Filter type SiC (19/200) cpsi (cells per square inch) 
Filter side width x side length x length 34 mm x 34 mm x 150 mm 
Cell pitch 1.89 mm 
Filter wall thickness 0.4 mm 
  
Infrared video acquisition process was initiated at the start of regeneration. Start and end points of 
regeneration were set according to the engine load step from 16.2 Nm to 22.2 Nm respectively. Video 
duration varies from 3 to 6 min and is in accordance with regeneration duration.  
Temperatures were measured simultaneously at the exhaust pipe 80 mm downstream the exhaust 
manifold exit, at the inlet of the filter and inside the filter at 2 positions inserted at 35 mm deep from the 
back of the filter (Figure 7.2). Characteristic photos of the SiC filter and the positions of the inside 
thermocouples are presented in Figure 7.1. The O2 concentration was calculated by the A/F ratio obtained 
from the UEGO sensor installed after cylinder outlet. The loading level of the filter was measured using a 
JUMO 0-500 mbar differential pressure transducer. A Kern electronic balance with a weighting range of 0.1 
to 4000 g was used for the monitoring of engine fuel consumption. The previous signals were collected and 
recorded by means of National Instruments hardware and software.   
Inserted thermocouples were used to measure the local temperature rise during the PM  combustion 
[142, 143]. They revealed that in some cases a rapid local temperature rise of several hundreds oC occurred. 
Unfortunately, these local measurements did not provide information on the dynamic features of the 
combustion and the spatial temperature distribution in the channel.  
The main advantage of such measurements is that they determine the temperature within an actual 
DPF. However, these experiments cannot determine the mode of the combustion or the evolution and 
motion of a temperature peak. Moreover, they may not be able to distinguish between a moving high 
temperature emanating from a single ignition point or that emanating from one of several ignition points 
[144, 145].  
The main advantage of IR temperature measurements is that provide direct information on the 
combustion mode on the dynamic features of the high temperature zones generated at various ignition 
sites. A disadvantage of the IR measurements is that the need to view the surface by the camera leads to 
heat losses that are higher than those encountered in an actual insulated DPF. Visual observations enable 
temperatures of the spatio-temporal temperature in the DPF. Thus, while IR measurements provide useful 
information about all the possible dynamic features of the combustion they cannot accurately bound the 
conditions under which they occur.  
Visual measurements were conducted by Herz and Sinkevitch [146], McCabe and Sinkevtich [147], 
Hanamura et al. [148], An et al. [149] and infrared measurements by Gallant [150]. Detailed infrared 
analysis of the spatiotemporal temperature on a planar DPF, not full scale filter analysis like our case, under 
sudden changes in soot feed conditions are presented by Martirosyan [144].  
Their experimental setup enabled measurements of the spatiotemporal temperature during the 
combustion of PM on one layer planar DPF (cut from commercial Cordierite DPF). They found that the soot 
combustion may occur in three different modes, depending on the number of ignition points (hot spots) 
and the number of ignition points increases as the PM loading is decreased. 
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Figure 7.1. SiC filter view, monitored filter’s lateral surface. 
 
 
Figure 7.2. Thermocouples positions at the selected filter exit channels.   
 
 
Figure 7.3. SiC 200 cpsi filter single module. Length: 150 mm, Side width: 34 mm and Side length: 34 mm. 
 
Closer view of the filter in order to better understand its dimensions is presented in Figure 7.3. Our unit 
filter consists of 324 (18 x 18) channels. The main specifications of the filter are shown in Table 7.1. 
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Figure 7.4. Experimental layout. Exhaust line instrumentation is shown along with the main diesel filter 
measurements and data acquisition system. 
 
Table 7.2. ThermaCAM S45 main specifications. 
Field of view/min focus distance 24ox18o/0.3 m (with 35 mm lens) 
Thermal sensitivity 0.08 oC at 30 oC 
Image frequency 50/60 Hz non-interlaced 
Detector type Focal Plane Array (FPA), uncooled microbolometer 320x240 pixels 
Spectral range 7.5 to 13 μm 
Temperature range -40 oC to + 1500 oC 
Accuracy +/-2 oC, +/-2% of reading 
Emissivity correction 
Variable from 0.1 to 1.0 or select from listings in pre-defined 
materials list 
Reflected ambient temperature 
correction 
Automatic, based on input of optics/windows transmission and 
temperature 
Voice annotation of images 30 s of digital voice “clip” stored together with the image  
Image file formats Standard JPEG 
Operating temperature range -15 oC to +50 oC 
Shock Operational, 25 G 
Vibration Operational, 2 G 
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Figure 7.5. Experimental layout of infrared regeneration video acquisition. IR camera (ThermaCAM S45) 
was set at 500 mm above filter’s lateral face (left). Experimental setup and ThermaCAM S45 position during 
the experiments (right). 
7.1.1 Filter loading test protocol 
First a mapping process was performed to assess the engine exhaust gas temperature, central channel 
filter temperature and A/F ratio in the low, medium and high load engine operating range. This 
investigation was necessary in order to find the most appropriate operation point for the filter loading 
tests. The final choice was made by taking into account wall filter temperature and filter backpressure 
increase rate. The last part of the assessment cycle is presented in Figure 7.6 and contains 7 operation 
points which are summarized in Table 7.3. 
 
Table 7.3. Main characteristics of assessment cycle operation points. 
Operation 
point 
Engine 
Speed [rpm] 
Engine 
Torque [Nm] 
TF centre [oC] 
Air to Fuel ratio 
[A/F] 
Backpressure 
increase rate 
[mbar/min] 
1 1900 11.9 110 60 - 
2 1900 12.2 125 59 - 
3 2400 10.7 165 56 - 
4 2400 14.1 193 52 - 
5 2700 22.7 310 39 1.4 
6 3000 19.7 296 42 1.5 
7 3250 16.2 375 35 2.8 
 
It is obvious that the last operation point, 3250 rpm/16.2 Nm was selected to be the filter loading 
operation point. It should be mentioned that this point was also used in the case of B20 blend.  
IR Camera 
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Figure 7.6. Last part of the assessment cycle using B0 without fuel additive as fuel. Engine speed, engine 
torque, A/F, exhaust gas temperature at cylinder’s outlet, filter central channel wall temperature and filter 
backpressure are presented. The test consists of 7 operation points ranging from 1900 rpm/11.9 Nm to 
3250 rpm/16.2 Nm. Filter backpressure increase rate varies from 1.36 mbar/min (30 mbar in 22 min) at the 
2700 rpm/22.7 Nm operation point (A/F=45), to 2.78 mbar/min (50 mbar in 18 min) during the last 
operation point, 3250 rpm/16.2 Nm, with A/F = 35.  
 
The filter loading test protocol is shown in Figure 7.7 and consists of 3 operation points. The engine 
operates for 450 s at 2000 rpm/11.9 Nm in order to complete the engine warm up procedure and then for 
another 200 s at 2600 rpm/ 12.7 Nm. After that, the engine accelerates to 3250 rpm/16.2 Nm and remains 
there until inside wall filter temperatures reach the value of 370 oC. During the loading period, the central 
wall filter temperature was increased from 120 oC to 370 oC and the maximum reported filter backpressure 
was 235 mbar. 
Comparison of the two monitored filter wall temperatures (center and periphery) shows that the 
periphery was systematically colder than the center by about 5 oC. The same difference was also reported 
in the case of B20 biodiesel blend. Of course, the observed temperature differences could be suppressed 
somewhat by an improved insulation of the filter. Because of this temperature gradient, one would expect 
the VOF content to be a little higher at the periphery.  
It should be noted that the filter wall temperature is the critical parameter for the initiation of a 
stochastic regeneration since it is the main factor affecting the adsorption-desorption phenomena that 
determine the filter soot VOF content. If the filter wall temperature exceeds 380 oC - 420 oC, most VOF is 
vaporized and only dry soot remains accumulated on the filter wall. On the other hand, prolonged 
operation of a heavily loaded filter with dry soot under low load and speed conditions can lead to re-
adsorption of heavy hydrocarbons emitted in the particulate layer, thus increasing its VOF content [151]. 
11.9 Nm 
10.7 Nm 
14.1 Nm 
22.7 Nm 
19.7 Nm 
16.2 Nm 
12.2 Nm 
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Based on previous results [75], one could estimate that under these conditions the filter is loaded with 
soot at a low – to- medium VOF content, gradually enhancing its stochastic behavior during regeneration.    
 
 
Figure 7.7. The loading cycle applied consists of 3 consecutive operation points with decreasing VOF 
contents, from medium to low. Measured temperatures near filter channels’ exit, filter inlet, A/F, engine 
speed and engine torque and filter backpressure during loading period using B0-50 ppm fuel are presented. 
 
7.1.2 Transient regeneration experiments 
In this section, we present and discuss typical regeneration experiments that were carried out in order 
to better understand the engine and filter behavior with the use of the B20 blend. Experiments were 
extended also to B40 blend however the results were not so clear because of the fact that the filter was 
quickly attaining equilibrium temperature with even small increases of filter loading. 
Typical regeneration using B40-50 ppm Ce doped blend is presented in Figure 7.8. The most marked 
observation is the slow soot oxidation rate with slow temperature increase inside filter exit channels. This 
behavior can be explained by the higher soot VOF content than that of B0 and B20.  
Four regeneration experiments are selected for presentation with B0 fuel, along with 7 regeneration 
experiments at comparable conditions with the B20 fuel. The experiments and their main characteristics, 
like fuel mass consumed during loading and temperatures at filter inlet and inside filter exit (central and 
peripheral channel) are summarized in Table 7.4. As it can be seen, filter wall temperatures during loading 
period was kept under the VOF oxidation temperature range of 380 oC – 420 oC.  
 
11.9 Nm 
12.7 Nm 
16.2 Nm 
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Figure 7.8. High flow rate regeneration scenario (exhaust mfr = 16 g/s). Measured temperatures at filter 
inlet, at filter channels’ exit and filter backpressure are presented during a high exhaust mass flow rate 
regeneration performed at 3450 rpm/21.2 Nm for a highly loaded filter (1.87 kg consumed fuel mass at 
3450 rpm/15.2 Nm loading operation point) with B40-50 ppm Ce doped fuel. 
 
Table 7.4. Experimental protocol of the catalytic regeneration experiments. 
a/a 
Fuel mass 
consumed 
during 
loading [kg]  
TF in [oC] TF centre [oC] TF periphery [oC] 
B0-01 1.43 367 345 341 
B0-02 1.38 369 360 355 
B0-03 1.3 382 368 362 
B0-04 1.94 366 353 348 
B20-01 1.57 360 330 326 
B20-02 1.42 355 332 329 
B20-03 1.26 370 351 347 
B20-04 1.08 372 359 355 
B20-05 0.99 358 331 326 
B20-06 0.76 355 331 325 
B20-07 0.67 416 406 398 
 
According to this scenario, the engine is stabilized at 3250 rpm, medium load, 16.2 Nm for the first 
loading phase, and remains there for about 20 minutes. This period is sufficient to load the filter to about 3 
times the backpressure of the clean filter. The filter temperature levels prevailing during this period are 
shown at the left side of Figure 7.10 along with the exhaust temperatures at filter inlet. 
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Figure 7.9. Typical first loading phase (B0-04 regeneration high flow rate regeneration scenario (exhaust 
mfr = 15 g/s). Engine operating conditions, filter backpressure, A/F ratio, exhaust gas temperature at 
exhaust manifold  and temperatures at filter inlet and exit are presented during the transition from 3250 
rpm/16.2 Nm to 3250 rpm/22.2 Nm using B0-50ppm Ce doped fuel. 
 
Figure 7.10. End of second loading phase followed by regeneration (B0-01 regeneration, high flowrate 
scenario (exhaust mfr = 15 g/s)). Engine operating conditions, filter backpressure, A/F ratio and 
temperatures at inlet and exit of the filter are presented during the load step from 3250 rpm/16.2 Nm to 
3250 rpm/22.2 Nm using B0-50ppm Ce doped fuel. 
16.2 Nm 
22.2 Nm 
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A regeneration scenario follows this second loading phase. The onset of regeneration is induced by 
increasing the load to 22.2 Nm. This results in an increase of exhaust temperature at filter inlet to about 
500 oC or even higher (right side of Figure 7.10) and the subsequent soot ignition and regeneration that is 
clearly visible at the middle-to-right side of Figure 7.10. There exist some remarks that pertain to all loading 
and regeneration experiments. The regeneration scenario typically consisted of a first, long-duration (three 
minutes) regeneration with an almost invisible filter temperature peak and a less pronounced filter 
backpressure drop. Typical first phase regeneration scenario is shown in Figure 7.9. As it can be seen, filter 
wall temperatures did not exceed the value of 520 oC.  
After the completion of this regeneration, which was judged by the stabilization of filter backpressure, a 
second loading phase was applied on the filter by shifting to the loading engine operation point. This 
second loading phase was of shorter duration, typically 15 minutes, and resulted in a faster increase of 
filter backpressure. After the completion of this second loading phase, the onset of regeneration was 
induced by shifting to the higher load operation point. This second regeneration is the one shown in all 
figures with the regeneration experiments, except of Figure 7.17, B0-04 experiment, which is the first phase 
regeneration of B0-01 experiment presented in Figure 7.11. Further analysis has shown that, during the 
first phase regeneration filter backpressure decreased from 227 mbar to 129 mbar in a period of 193 s 
achieving the lowest reported filter backpressure decrease rate of 0.5 mbar/ s. On the other hand, analysis 
of the regeneration following the second loading phase, shown the same level of filter backpressure 
decrease but with significantly different rate, 0.9 mbar/s. A possible explanation of this effect would be the 
following: The initial filter loading at this medium load operation point is expected to consist of particulate 
with high VOF content [75, 151]. During the first regeneration attempt, we observe desorption and possibly 
some oxidation at low temperatures, of the majority of this VOF part. This results in a fast degradation of 
filter backpressure. However, a significant level of backpressure is essential to the onset of regeneration at 
this critical temperature range. Thus, the regeneration is feeble and stops after about one minute.  
During the second loading phase, the filter is loaded again with a second layer of particulate, which 
increases the backpressure, however, this time we expect that the average VOF content of the total soot 
layer is reduced compared to the previous phase. Thus, when the onset of the second regeneration is 
induced, the initial, fast drop in filter backpressure is less enhanced and enough backpressure levels remain 
to sustain an active and clearly observable regeneration.  
An inclusive set of results from regeneration experiments will be presented below by means of 
comparative graphs that include, along with the experimental, also computational results, as well as a 
sequence of 18 characteristic infrared images captured by ThermaCAM S45 [152]. Frame-by-frame analysis 
of the videos captured by the camera was completed using ThermaCAM Researcher software [141]. The 
first and the last of the 18 frames of each figure, correspond to the start and the end of the respective 
regeneration. Start and end of regeneration were judged by the start of soot oxidization and the 
stabilization of the filter backpressure drop respectively. As a first step, the case of conventional diesel soot 
oxidation is studied. The experimental and computational results of a regeneration of a filter loaded by 
1.43 kg fuel mass, at 3250 rpm/16.2 Nm with the engine operating on B0-50 ppm Ce doped fuel are 
presented in Figure 7.11. A simultaneous elevation to the temperatures measured by the thermocouples 
located at the center and periphery near the filter exit peaking at about 210 s is observed. This indicates a 
uniform evolution of regeneration across the different filter channels. The convective heating seems to be 
the dominant phenomenon responsible for the initiation and the uniform propagation of the soot 
oxidation. Due to the high flowrate, the filter is heated quickly, which results, in this case, to the shortest- 
duration regeneration of the group of experiments with B0. The soot starts to oxidize when a temperature 
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level of 380 oC is achieved, resulting to a filter backpressure drop of 92 mbar in a period of 102 s, which is 
expressed as a 0.9 mbar/s filter pressure drop reduction rate. The temperatures in the periphery are about 
13 oC lower, because of the heat losses of the uninsulated filter to the ambient air. Furthermore, maximum 
filter central and peripheral wall temperatures of 540 oC and 527 oC respectively are reported 110 s after 
the onset of regeneration, at 210 s. It is obvious that there is no significant delay between the onset of 
regeneration at the central and peripheral channels.  
The values of E determined from previous TGA experiments [153] produce a satisfactory prediction of 
the full-scale process in the filter by use of the CATWALL model. However, a certain discrepancy between 
the measured and the predicted filter backpressure is observed. As it can be seen, the model predicts a 
slower reduction to the pressure drop as the regeneration initiates. One reason for this discrepancy could 
lie in the fact that this initial phase of regeneration is associated with a VOF desorption process that is 
responsible for the rapid backpressure decrease. This situation is not predictable by the 1D pressure drop 
model, which considers an average soot permeability value during the whole regeneration process. 
 
Figure 7.11 B0-01. Simulation of regeneration of a filter loaded (1.43 kg consumed fuel mass) with diesel 
soot emitted by the engine operating with 50 ppm Cerium doped fuel. Measured and predicted filter 
measurements near at the exit of a central and peripheral channel with the engine running on 3250 
rpm/22.2 Nm. Also A/F ratio, engine speed, filter inlet temperature and measurement–vs-prediction of 
filter backpressure together with soot mass prediction are presented. Computation was made with 
activation energy values:  E1 = 1.9E+5, E2 = 1.5E+05, E3 = 1.1E+05, E4 = 0.8E+05, E5 = 0.8E+05 J/mole and 
frequency factor values: A1 = 8E+16, A2 = 8.5E+11, A3 = 3E+11, A4 = 9E+08, A5 = 8E+08 mole/m3s. 
 
In order to better understand the effect of different loading levels and biodiesel blending ratio (B20) on 
the evolution of regeneration, each scenario was captured and analyzed by means of the infrared camera 
and the manufacturer’s software respectively. A typical sequence of 18 infrared images is presented in 
Figure 7.12. There exist 4 frames which will be important for the comparative analysis of infrared 
thermograms. The first and the last frame, at t =0 s and t = 102 s, respectively, indicate the start and the 
end of the regeneration. As it can be seen, B0-01 regeneration had a total duration of 102 s. There are 2 
more frames, (e) and (k), which show the temperature transition of filter’s lateral surface monitored by the 
camera, from the selected characteristic temperature thresholds of 330 oC to 370 oC. 
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a) t = 0 s b) t = 1 s c) t = 2 s d) t = 5 s     e) t = 38 s (Tsurf,max = 330 
oC) 
 
f) t = 39 s 
 
g) t = 40 s                                     h) t =  42 s                                     i) t = 48 s j) t = 51 s         k) t = 81 s (Tsurf,max = 370 
oC)     l) t = 84 s       
                                                                                         
        
m) t= 87 s                       n) t = 88 s                         o) t = 89 s                           p) t = 91 s                             q) t = 93 s                      r) t = 102 s  
Figure 7.12 B0-01. Sequence of 18 infrared thermograms showing the evolution of regeneration with B0-50 ppm fuel (loaded fuel mass, 1.43 kg).   
Also total duration (102 s) and interval temperature transition (from Tsurf,max = 330 
oC to 370 oC in 43 s)  duration are presented. 
  
Exhaust 
gas  
Start of Regeneration 
Mode 
End of 
Regeneration 
1 
2 
3 
4 
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It is obvious that in this case the transition was completed in 43 s. The monitored lateral surface of the 
filter is separated in 4 sections, oriented by 3 yellow lines, in order to better localize the regeneration 
onset. According to Figure 7.12, the regeneration process may be seen to propagate by means of 2 wave 
fronts. These wave fronts are presented by 7 frames each, from (e) to (k) and from (l) to (r) respectively. 
During the propagation of the first wave front, the regeneration starts in the middle section of the filter, 
creating 2 hot spots of 340 oC, as shown in frame (h), which are moving and growing downstream, frame (I), 
and finally cover the largest part of the monitored filter’s surface as presented in frame (k). The second 
wave front starts from the 3rd section of the filter, further downstream than the 1st wave front, and moves 
upstream, namely, opposite to the exhaust gas flow. The same observation was also reported by Chen K., 
Martirosyan, K.S. and Luss D. [144, 154, 155]. 
 
 
Figure 7.13 B0-02. Simulation of regeneration of a filter loaded (1.38 kg consumed fuel mass) with diesel 
soot emitted by the engine operating with 50 ppm Cerium doped fuel. Measured and predicted filter 
measurements near at the exit of a central and peripheral channel with the engine running on 3250 
rpm/22.2 Nm. Also A/F ratio, engine speed, filter inlet temperature and measurement–vs-prediction of 
filter backpressure together with soot mass prediction are presented. Computation was made with 
activation energy values:  E1 = 1.9E+5, E2 = 1.5E+05, E3 = 1.1E+05, E4 = 0.8E+05, E5 = 0.8E+05 J/mole and 
frequency factor values: A1 = 1E+16, A2 = 8.5E+11, A3 = 3E+11, A4 = 9E+08, A5 = 8E+08 mole/m3s.    
                                                                   
As a next step, two regeneration experiments with B0-50 ppm Cerium doped fuel with different loading 
levels and filter inlet temperatures were performed and presented in Figure 7.13 and Figure 7.15 
respectively. Figure 7.13 shows the regeneration of a filter loaded with 1.38 kg B0-50 ppm fuel and filter 
inlet temperature of 369 oC. The soot starts to oxidize when a temperature level of 380 oC is achieved, 
resulting to a filter backpressure drop of 70 mbar in a period of 120 s which is expressed as a 0.6 mbar/s 
filter pressure drop reduction rate. The temperatures in the periphery are about 10 oC lower, because of 
the heat losses of the uninsulated filter to the ambient air.   
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a) t = 0 s b) t = 13 s (Tsurf,max = 330 
oC)      c) t = 15 s                                     d) t = 17 s                                      e) t = 19 s        f) t = 20 s 
 
 
g) t = 23 s h) t = 25 s i) t = 32 s                                  j) t = 70 s (Tsurf,max = 370 
oC)       k) t = 71 s                                      l) t = 73 s 
 
 
m) t = 75 s n) t = 77 s                                  o) t = 80 s p) t = 92 s                                    q) t = 98 s                                     r) t = 120 s 
Figure 7.14 B0-02. Sequence of 18 infrared thermograms showing the evolution of regeneration with B0-50 ppm fuel (loaded fuel mass, 1.38 kg).   
Also total duration (120 s) and interval temperature transition (from Tsurf,max = 330 
oC to 370 oC in 57 s)  duration are presented. 
Exhaust 
gas  
Start of Regeneration 
Mode 
End of 
Regeneration 
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Furthermore, maximum filer central and peripheral wall temperatures of 502 oC and 492 oC respectively 
are reported at 160 s. It is obvious that there is no significant delay between the onset of regeneration at 
the central and peripheral channels. Starting with the simulation results, there is satisfactory prediction of 
the filter wall temperatures and good agreement between the measured and the predicted filter 
backpressure drop. As already mentioned, 1D pressure drop model cannot predict VOF desorption 
phenomena which are responsible for the rapid backpressure decrease. Frame by frame analysis, Figure 
7.14, indicates that B0-02 regeneration had a total duration of 120 s and the temperature transition of 
filter’s lateral surface, from the selected thresholds of 330 oC to 370 oC, frame (b) and frame (j), was 
completed in 57 s. There are also 2 regeneration wave fronts which are started from the 2nd and 3rd section 
of the filter respectively. Another observation relates to the appearance of hot spots at different positions 
on filter’s surface. This situation is clearly presented in the frames (f) and (g). There are 2 regeneration 
areas, at the axial line and left side of the filter.  
 
Figure 7.15 B0-03. Measured temperatures along filter’s diameter near channels exit together with filter 
inlet temperature, filter backpressure and A/F ratio are presented during a high mass flow rate 
regeneration (exhaust mfr = 15g/s) performed at 3250 rpm/22.2 Nm for a filter loaded (1.3 kg consumed 
fuel mass) with B0 fuel including 50 ppm Ce dose.  
 
Figure 7.15 presents the regeneration of a filter loaded with 1.3 kg B0-50 ppm fuel and filter inlet 
temperature of 382 oC.  The soot starts to oxidize when a temperature level of 410 oC is achieved resulting 
to a filter backpressure drop of 86 mbar in a period of 110 s which is expressed as a 0.8 mbar/s filter 
pressure drop reduction rate. The temperatures in the periphery are about 15 oC lower, because of the 
heat of the uninsulated filter to the ambient air. It should be mentioned, that the B0-03 regeneration 
reported the highest measured temperatures compared to other 3 experiments. Maximum filter central 
and peripheral wall temperatures of 546 oC and 536 oC respectively are reported at 260 s. According to 
Figure 7.16, total regeneration duration was 110 s and the temperature transition of filter’s lateral surface, 
from the selected thresholds of 370 oC to 410 oC, frame (a) and frame (i), was completed in 51 s. We can 
observe the propagation of 2 regeneration wave fronts which are started from the 3rd section of the filter.  
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a) t = 0 s (Tsurf,max = 370 
oC) b) t = 2 s c) t = 4 s                                      d) t = 6 s                                e) t = 9 s                                   f) t = 20 s 
 
 
g) t = 22 s h) t = 24 s i) t = 51 s (Tsurf,max = 410 
oC) j) t = 53 s                              k) t = 55 s                                l) t = 57 s 
  
 
m) t = 59 s n) t = 79 s                                   o) t = 89 s  p) t = 99 s                      q) t = 107 s   r) t = 110 s 
Figure 7.16 B0-03. Sequence of 18 infrared thermograms showing the evolution of regeneration with B0-50 ppm fuel (loaded fuel mass, 1.3 kg).   
Also total duration (110 s) and interval temperature transition (from Tsurf,max = 370 
oC to 410 oC in 51 s)  duration are presented.                                                                             
Exhaust 
gas  
Start of Regeneration 
Mode 
End of 
Regeneration 
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As it can be seen, 2nd regeneration wave front starts from the 3rd section of the filter, frame (i), creating 
a hot core of about 410 oC which is moved upstream, namely, opposite to the exhaust gas flow. Hot spots 
are clearly presented in frame (c).  
Finishing with the B0-50 ppm set of experiments, the results of Figure 7.17 and Figure 7.18 indicate that 
the regeneration behavior was significantly affected by the particulate VOF content. As already mentioned, 
the regeneration scenario typically consisted of a first, long-duration (three minutes) regeneration with an 
almost invisible filter temperature peak and a less pronounced filter backpressure drop. This type of 
regeneration scenario is presented in Figure 7.17. As it can be seen, filter wall temperatures did not exceed 
the value of 520 oC. The soot starts to oxidize when a temperature level of 380 oC is achieved. 
 Further analysis showed that, during B0-04 regeneration filter backpressure decreased from 227 mbar 
to 129 mbar in a period of 193 s achieving the lowest reported filter backpressure drop reduction rate of 
0.5 mbar/ s with the highest filter loading level, 1.94 kg of consumed fuel mass. Maximum filer central and 
peripheral wall temperatures of 510 oC and 502 oC respectively are reported at 1530 s. According to Figure 
7.18, total regeneration duration was 190 s and the temperature transition of filter’s lateral surface, from 
the selected thresholds of 330 oC to 370 oC, frame (a) and frame (h) respectively, was completed in 54 s. 
There are also 2 regeneration wave fronts which are started from the 2nd and 3rd section of the filter 
respectively. During the first regeneration attempt, we observe desorption and possibly oxidation at low 
temperatures of the majority of this VOF part which results in a fast degradation of filter backpressure.  In 
addition, during the first phase regeneration we meet lower filter’s surface temperatures than in the 
second loading phase regeneration. Overall frame by frame regeneration analysis results are summarized in 
Table 7.5.   
 
 
Figure 7.17 B0-04. Measured temperatures along filter’s diameter near channels exit together with filter 
backpressure, filter inlet temperature and A/F ratio are presented during a high mass flow rate 
regeneration (exhaust mfr = 15 g/s) performed at 3250 rpm/22.2 Nm for a filter loaded (1.94 kg consumed 
fuel mass) with B0 fuel including 50 ppm Ce dose. 
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a) t = 0 s (Tsurf,max = 330 
oC)  b) t = 4 s                                                                   c) t = 5 s                     d) t = 7 s                        e) t = 10 s  f) t = 12 s 
 
       
g) t = 17 s                                    h) t = 54 s (Tsurf,max = 370 
oC)                                   i) t = 58 s                                j) t = 60 s                                                 k) t = 73 s                                    l) t = 77 s 
 
 
m) t = 83 s   n) t = 91 s                                 o) t = 111 s                               p) t = 131 s q) t = 141 s                                 r) t = 190 s 
Figure 7.18 B0-04. Sequence of 18 infrared thermograms showing the evolution of regeneration with B0-50 ppm fuel (loaded fuel mass, 1.94 kg).   
Also total duration (190 s) and interval temperature transition (from Tsurf,max = 330 
oC to 370 oC in 54 s)  duration are presented. 
Exhaust 
gas  
Start of Regeneration 
Mode 
End of 
Regeneration 
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Table 7.5. Results from the processing of infrared images in the case of B0-50 ppm Cerium doped fuel. 
Fuel 
Fuel 
mass consumed 
during loading [kg] 
Regeneration 
duration [s] 
Regeneration 
rate [mbar/s] 
Transition time from 
Tsurf,max = 330 
oC to 370 oC 
Transition time from 
Tsurf,max = 370 
oC to 410 oC 
B0-03 1.3 110 0.8 - 51 
B0-02 1.38 120 0.6 57 - 
B0-01 1.43 102 0.9 43 - 
B0-04 1.94 190 0.5 54 - 
 
Based on these results, the increase of filter loading level, between B0-02 and B0-01 experiments, 
induced a decrease of the total regeneration duration and of the transition time between the characteristic 
temperature thresholds of 330 oC and 370 oC. Moreover, it induced a significant increase in the filter 
backpressure reduction rate. On the other hand, the results of experiment B0-04 indicated the effect of the 
higher VOF content during the regeneration following the first loading phase.  The effect of a higher filter 
inlet temperature was clearly observable in the B0-03 experiment, where a lower loading level combined 
with a higher filter inlet temperature than those of B0-02 experiment, led to a faster regeneration with 
higher peak temperatures. 
 
Summarizing the results of the B0 experiments, we can state the following basic findings: 
 
 Four transient regeneration tests with high exhaust mass flow rate were performed at one engine 
operation point, 3250 rpm/ 22.2 Nm, with markedly different levels of filter inlet temperature and 
filter loading. 
 The regeneration scenario consisted of a first, long-duration (three minutes) regeneration with an 
almost invisible filter temperature peak and a less pronounced filter backpressure drop. After the 
completion of this regeneration, which was determined by the stabilization of filter backpressure, a 
second loading phase was applied on the filter. This second loading phase was of shorter duration and 
resulted in a faster increase of filter backpressure and after that in a faster decrease of filter 
backpressure. A possible explanation to this effect would be the initial filter loading with high VOF 
content soot. 
 In all experiments, it was observed that the catalytic soot oxidation initiates at about 380 oC - 420 oC, 
and the temperatures at the periphery were about 13 oC lower, because of the heat losses of the 
uninsulated filter to the ambient air, and there were 2 regeneration wave fronts, starting from the 2nd 
and 3rd section of the filter, respectively. A possible explanation to this effect would be the level of the 
filtration velocity. Usually for low filtration velocity most of the incoming oxygen was consumed in the 
upstream of the DPF. The heat generated by the reaction in that region was not efficiently removed by 
the low filtration velocity, leading to ignition in the upstream section. The temperature front moved in 
the same direction as the gas flow. On the other hand, at high filtration velocities, like our 
experiments, the high rate of heat removal prevented ignition of the upstream soot. The heat 
generated by the reaction heated the downstream flowing gas, causing ignition at the downstream. 
The corresponding reaction front moved in a direction opposite to that of the gas flow. This 
observation is in accordance with the concluding remarks of Chen et al.[156]. X-ray analysis has been 
applied by Blanchard et al. [157] in order to depict the ash loading field. The results indicated that the 
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greater amount of ash is collected downstream of the middle of the filter enhancing, with this way, the 
generation of the upstream propagated wave front.     
 As expected, the increase in filter loading levels leads to faster regenerations with higher peak 
temperatures.   
 The model is capable to predict temperatures inside the filter with high accuracy. As expected, the 1D 
model does not successfully predict the evolution of the filter backpressure during regeneration [158]. 
The model predicts a slower reduction to the pressure drop as the regeneration initiates. The reason 
could lie in the fact that this initial phase of regeneration is associated with a VOF desorption process 
that is responsible for the rapid backpressure decrease. This situation is not predictable by the 1D 
pressure drop model, which considers an average soot permeability value during the whole 
regeneration process. 
 As a general remark, the specific engine-filter combination faces a certain degree of difficulty to 
perform regeneration at the specific temperature levels, with the B0 fuel. The situation is improved 
very much with the B20 blends, as will be discussed in the respective experiments. 
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7.2 Effect of B20 blend on regeneration behavior  
In this section seven regeneration experiments are selected for presentation with B20-50 ppm Cerium 
doped fuel. The experiments and their main characteristics, like fuel consumed mass in loading phase and 
temperatures at filter inlet and inside filter exit (central and peripheral channel) are summarized in Table 
7.4. As it can be seen, filter wall temperatures during loading period was kept under the VOF oxidation 
temperature range of 380 oC – 420 oC. 
The experimental and computational results of a regeneration of a filter loaded by 1.57 kg fuel mass, at 
3250 rpm/16.2 Nm with the engine operating on B20-50 ppm Cerium doped fuel is presented in Figure 
7.19. As it can be seen, a simultaneously elevation to the temperatures measured by the thermocouples 
located at the center and periphery near the filter exit peaking at about 205 s is observed.  
 
 
Figure 7.19 B20-01. Simulation of regeneration of a filter loaded (1.57 kg consumed fuel mass) with B20 
biodiesel blend soot emitted by the engine operating with 50 ppm Cerium doped fuel. Measured and 
predicted filter measurements near at the exit of a central and peripheral channel with the engine running 
on 3250 rpm/22.2 Nm. Also A/F ratio, filter inlet temperature and measurement–vs-prediction of filter 
backpressure together with soot mass prediction are presented. Computation was made with activation 
energy values:  E1 = 1.9E+5, E2 = 1.5E+05, E3 = 1.1E+05, E4 = 0.8E+05, E5 = 0.8E+05 J/mole and frequency 
factor values: A1 = 8E+15, A2 = 8.5E+11, A3 = 3E+11, A4 = 9E+08, A5 = 8E+08 mole/m3s. 
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a) t = 0 s (Tsurf,max = 330 
oC)               b) t = 1 s                                             c) t = 2 s                                          d) t = 3 s                                             e) t = 4 s                                             f) t = 5 s 
 
  
g) t = 6 s                                              h) t = 7 s                                             i) t = 8 s                                               j) t = 9 s                                              k) t = 30 s (Tsurf,max = 370 
oC)         l) t = 32 s 
 
 
m) t = 33 s                                         n) t = 36 s                                           o) t = 39 s                                           p) t = 44 s                                                  q) t = 47 s                                           r) t = 94 s 
Figure 7.20 B20-01. Sequence of 18 infrared thermograms showing the evolution of regeneration with B20-50 ppm fuel (loaded fuel mass, 1.57 kg).   
Also total duration (94 s) and interval temperature transition (from Tsurf,max = 330 
oC to 370 oC in 30 s)  duration are presented. 
Start of Regeneration 
Mode 
End of 
Regeneration 
Exhaust 
gas  Exhaust 
gas  
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The soot starts to oxidize when a temperature level of 335 oC is achieved resulting in a filter 
backpressure drop of 114 mbar in a period of 94 s which is expressed as a 1.2 mbar/s filter pressure drop 
reduction rate. The temperatures in the periphery are about 13 oC lower, because of the heat losses of the 
uninsulated filter to the ambient air. Furthermore, maximum filter central and peripheral wall 
temperatures of 520 oC and 507 oC respectively are reported 136 s after the onset of regeneration, at 216 s. 
It is obvious that there is no significant delay between the onset of regeneration at the central and 
peripheral channels. The known, from the previous simulations, values of E produce a satisfactory 
prediction of the full-scale process in the filter by use of the CATWALL model. The same discrepancy 
between the measured and the predicted filter backpressure is also observed in this set of experiments. As 
it can be seen the model predicts a significantly slower reduction to the pressure drop as the regeneration 
initiates. VOF content is higher in the case of B20-50 ppm fuel enhancing with this way the rapid decrease 
of the filter backpressure during the initial phase of regeneration and making more difficult its prediction 
from the 1D pressure model. It should be mentioned that the frequency factors, A, were tuned to represent 
the experimentally determined regeneration behavior of the filter. There are also 4 frames which will be 
important for the comparative analysis of the infrared thermograms. The first and the last frame, at t =0 s 
and t = 94 s, respectively, indicate the start and the end of the regeneration. As it can be seen, B20-01 
regeneration had a total duration of 94 s. There are 2 more frames, (a) and (k), which show the 
temperature transition of filter’s lateral surface monitored by the camera, from the selected thresholds of 
330 oC to 370 oC. It is obvious that in this case the transition was completed in 30 s. According to Figure 
7.20, the regeneration process maybe seen to propagate by means of of 2 wave fronts. These wave fronts 
are presented by 7 frames each, from (e) to (k) and from (l) to (r) respectively. Another observation is 
related with the appearance of hot spots at different positions on filter’s monitored surface. There are 2 
regeneration zones at the axial line and left side of the filter. As it can be seen, 1st regeneration wave front 
starts from the 2nd section of the filter, frame (d), creating a hot core of 330 oC and moves downstream in 
accordance with the exhaust gas flow. The same behavior is also reported for the 2nd regeneration wave 
front but with a different core temperature, 370 oC. Hot spots are clearly observable using B20-50 ppm fuel 
and presented in frames (c), (m) and (p). After that regeneration, we continue with the loading process 
consuming 1.42 kg B20-50 ppm Cerium doped fuel. Figure 7.21 presents the regeneration of a filter loaded 
with 1.42 kg B20-50 ppm fuel and filter inlet temperature of 355 oC. The soot starts to oxidize when a 
temperature level of 350 oC is achieved leading to a filter backpressure drop of 115 mbar in a period of 120 
s which is expressed as a 0.96 mbar/s filter pressure drop reduction rate. The temperatures in the 
periphery are about 12 oC lower, because of the heat losses of the uninsulated filter to the ambient air. 
Maximum filter central and peripheral wall temperatures of 503 oC and 491 oC respectively are reported at 
240 s. According to Figure 7.22, total regeneration duration was 120 s and the temperature transition from 
330 oC to 370 oC, frame (a) and frame (f) respectively, was completed in 55 s. There are also 2 regeneration 
wave fronts start, both of them, from the 2nd section of the filter and move downstream. Hot zones of 330 
oC are also reported in this regeneration experiment, during the 1st regeneration wave. The simulation 
reacts with the known reported behavior leading, this time, to faster filter backpressure reduction in the 
initial regeneration phase. As a next step, two regeneration experiments with B20-50 ppm Cerium doped 
fuel with different loading levels but the same filter inlet temperature of 370 oC were performed and 
presented in Figure 7.23 and Figure 7.25 respectively. Figure 7.23 presents the regeneration of a filter 
loaded with 1.26 kg B20-50 ppm fuel and filter inlet temperature of 370 oC. The soot starts to oxidize when 
a temperature level of 345 oC is achieved resulting to filter backpressure drop of 87 mbar in a period of 65 s 
which is expressed as a 1.34 mbar/s filter pressure drop reduction rate. The temperatures in the periphery 
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are about 14 oC lower, because of the heat losses of the uninsulated filter to the ambient air. Maximum 
filter central and peripheral wall temperatures of 538 oC and 246 oC respectively are reported at 125 s. 
 
 
Figure 7.21 B20-02. Simulation of regeneration of a filter loaded (1.42 kg consumed fuel mass) with B20 
biodiesel blend soot emitted by the engine operating with 50 ppm Cerium doped fuel. Measured and 
predicted filter measurements near at the exit of a central and peripheral channel with the engine running 
on 3250 rpm/22.2 Nm. Also A/F ratio, filter inlet temperature and measurement–vs-prediction of filter 
backpressure together with soot mass prediction are presented. Computation was made with activation 
energy values:  E1 = 1.9E+5, E2 = 1.5E+05, E3 = 1.1E+05, E4 = 0.8E+05, E5 = 0.8E+05 J/mole and frequency 
factor values: A1 = 8E+15, A2 = 8.5E+11, A3 = 3E+11, A4 = 9E+08, A5 = 8E+08 mole/m3s. 
 
Figure 7.25 shows the regeneration of a filter loaded with 1.08 kg B20-50 ppm fuel and filter inlet 
temperature of 372 oC. The soot starts to oxidize when a temperature level of 365 oC is achieved resulting 
to a filter backpressure drop of 72 mbar in a period of 129 s which is expressed as a 0.56 mbar/s filter 
pressure drop reduction rate. The temperatures in the periphery are lower about 12 oC, because of the 
heat losses through the periphery to the ambient air. Furthermore, maximum filer central and peripheral 
wall temperatures of 505 oC and 493 oC respectively are reported at 220 s. It is obvious that there is no 
significant delay between the onset of regeneration of the central and peripheral channels. Starting with 
the simulation results, there is satisfactory predictions of the inside filter developed temperatures and filter 
backpressure levels. Frame by frame analysis, Figure 7.26, indicates that B20-04 regeneration had a total 
duration of 129 s and the face temperature increase from 330 oC to 370 oC, frame (b) and frame (l), 
respectively, was completed in 57 s. There are also 2 regeneration waves, which start from the 2nd section 
of the filter and move downstream to filter exit. Another observation is related with the appearance of hot 
spots at different positions on filter’s surface.    
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a) t = 0 s (Tsurf,max = 330 
oC)           b) t = 2 s          c) t = 11 s        d) t = 16 s                  e) t = 21 s                           f) t = 55 s (Tsurf,max = 370 
oC)   
 
 
g) t = 59 s                                          h) t = 62 s                                          i) t = 73 s                                            j) t = 83 s                                                k) t = 85 s                                          l) t = 89 s  
 
   
m) t = 96 s                                        n) t = 102 s                                         o) t = 107 s                                          p) t = 111 s                                           q) t = 117 s                                                           r) t = 120 s 
Figure 7.22 B20-02. Sequence of 18 infrared thermograms showing the evolution of regeneration with B20-50 ppm fuel (loaded fuel mass, 1.42 kg).   
Also total duration (120 s) and interval temperature transition (from Tsurf,max = 330 
oC to 370 oC in 55 s)  duration are presented. 
Exhaust 
gas  
Start of Regeneration 
Mode 
End of 
Regeneration 
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Figure 7.23 B20-03. Measured temperatures along filter’s diameter near channels exit together with filter 
backpressure, engine speed, engine outlet temperature, filter inlet temperature and A/F ratio are 
presented during a high mass flowrate regeneration (14g/s) performed at 3250 rpm/22.2 Nm for a filter 
loaded (1.26 kg consumed fuel mass) with B20 fuel including 50 ppm Ce dose. 
 
 
a) t = 0 s, Start of regeneration b) t = 49 s            c) t = 65 s, End of regeneration 
Figure 7.24 B20-03. Three infrared images showing the evolution of regeneration with B20-50 ppm fuel 
(loaded fuel mass, 1.26 kg).   
 
This is a high loading experiment. At about 100 s (Figure 7.23) we observe a sharp decrease in filter 
backpressure, although the temperature levels are relatively low (about 345 oC). This is a low temperature 
regeneration that unfortunately was not recorded well in the thermograms, due to its very fast character, 
Figure 7.24. It is of the erratic (stochastic) type mentioned in the literature [75]. 
 
Exhaust 
gas  
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Figure 7.25 B20-04. Simulation of regeneration of a filter loaded (1.08 kg consumed fuel mass) with B20 
biodiesel blend soot emitted by the engine operating with 50 ppm Cerium doped fuel. Measured and 
predicted filter measurements near at the exit of a central and peripheral channel with the engine running 
on 3250 rpm/22.2 Nm. Also A/F ratio, filter inlet temperature and measurement–vs-prediction of filter 
backpressure together with soot mass prediction are presented. Computation was made with activation 
energy values:  E1 = 1.9E+5, E2 = 1.5E+05, E3 = 1.1E+05, E4 = 0.8E+05, E5 = 0.8E+05 J/mole and frequency 
factor values: A1 = 6E+16, A2 = 8.5E+11, A3 = 3E+11, A4 = 9E+08, A5 = 8E+08 mole/m3s. 
 
Continuing with the analysis of the B20-04 experiment the described situation is clearly observable in 
frames (h) and (i). There are 3 areas, at the axial line and the left side of the filter. The last area is visible in 
all B20-50 ppm regeneration experiments. 
Continuing with the presentation of the regeneration experiments, computational and experimental 
results of B20-05 regeneration experiment are presented in Figure 7.27. During this regeneration, the soot 
starts to oxidize when a temperature level of 368 oC is achieved resulting to a filter backpressure drop of 
121 mbar in a period of 177 s which is expressed as a 0.68 mbar/s filter pressure drop reduction rate.  
The temperatures in the periphery are about 14 oC lower, because of the heat losses of th uninsulated 
filter to the ambient air. Furthermore, maximum filer central and peripheral wall temperatures of 513 oC 
and 499 oC respectively are reported at 220 s. In this case, 1D model predicts slower reduction of filter 
backpressure drop and on the other hand, predicts with high accuracy filter wall temperatures. According 
to Figure 7.28 B20-05 regeneration had a total duration of 177 s and the face temperature increase from 
the selected temperature thresholds of 330 oC to 370 oC, frame (a) and frame (n), was completed in 45 s.  
There are also, in this experiment, 2 regeneration wave fronts, which start from the 2nd section of the 
filter and move downstream to filter exit. Hot zones are appeared in 1st regeneration wave front and 
presented in frame (i). 
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a) t = 0 s     b) t = 0.2 s (Tsurf,max = 330 
oC)             c) t = 1 s   d) t = 2 s                                                                e) t = 3 s                                                                f) t = 4 s 
 
     
g) t = 5  s                                               h) t = 6 s                                               i) t = 7 s                                                 j) t = 11 s                                                             k) t = 56 s                                                  l) t = 57 s (Tsurf,max = 370 
oC)                           
 
     
m) t = 59 s                                            n) t = 62 s                                           o) t = 63 s                                           p) t = 73 s                                             q) t = 81 s                                           r) t = 129 s    
Figure 7.26 B20-04. Sequence of 18 infrared thermograms showing the evolution of regeneration with B20-50 ppm fuel (loaded fuel mass, 1.08 kg).   
Also total duration (129 s) and interval temperature transition (from Tsurf,max = 330 
oC to 370 oC in 57 s)  duration are presented. 
  
Exhaust 
gas  
Start of Regeneration 
Mode 
End of 
Regeneration 
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Figure 7.27 B20-05. Simulation of regeneration of a filter loaded (0.99 kg consumed fuel mass) with B20 
biodiesel blend soot emitted by the engine operating with 50 ppm Cerium doped fuel. Measured and 
predicted filter measurements near at the exit of a central and peripheral channel with the engine running 
on 3250 rpm/22.2 Nm. Also A/F ratio, filter inlet temperature and measurement–vs-prediction of filter 
backpressure together with soot mass prediction are presented. Computation was made with activation 
energy values:  E1 = 1.9E+5, E2 = 1.5E+05, E3 = 1.1E+05, E4 = 0.8E+05, E5 = 0.8E+05 J/mole and frequency 
factor values: A1 = 8E+15, A2 = 8.5E+11, A3 = 3E+11, A4 = 9E+08, A5 = 8E+08 mole/m3s. 
 
Figure 7.29 presents the regeneration of a filter loaded with 0.76 kg B20-50 ppm fuel and filter inlet 
temperature of 355 oC. The soot starts to oxidize when a temperature level of 330 oC is achieved resulting 
to a filter backpressure drop of 92 mbar in a period of 181 s which is expressed as a 0.51 mbar/s filter 
pressure drop reduction rate. The temperatures in the periphery are lower about 10 oC, because of the 
heat losses through the periphery to the ambient air. Furthermore, maximum filer central and peripheral 
wall temperatures of 490 oC and 480 oC respectively are reported at 150 s. It is obvious that there is no 
significant delay between the onset of regeneration at the central and peripheral channels. It should be 
mentioned that, during B20-06 regeneration experiment the lowest temperatures, of all the B20-50 ppm 
experiments, were reported. Frame by frame analysis, as shown in Figure 7.30, indicates that B20-06 
regeneration had a total duration of 181 s and the filter’s monitored surface temperature transition from 
the selected characteristic thresholds of 330 oC to 370 oC, frame (a) and frame (g), respectively, was 
completed in 130 s. There are also 2 regeneration wave fronts, start from the 2nd section of the filter and 
move downstream to filter exit. Comparing these wave fronts, it becomes obvious that the 2nd wave front, 
frames (h) to (r), is significantly weaker than the 1st wave front. Another important observation is related 
with the minimum number of hot spots. A possible explanation is the lower filter wall temperatures. This 
regeneration unexpectedly evolved as a less enhanced one, in spite of the fact that the initial conditions 
seemed favorable for an enhanced regeneration with observable peaks. 
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a) t = 0 s (Tsurf,max = 330 
oC)             b) t = 1 s                                            c) t = 2 s                                             d) t = 3 s                                                       e) t = 4 s                                                               f) t = 5 s 
     
g) t = 7 s                                            h) t = 8 s                                              i) t = 9 s                                                  j) t = 10 s                                                          k) t = 11 s                                                      l) t = 14 s   
 
m) t = 44 s                                             n) t = 45 s (Tsurf,max = 370 
oC)   o) t = 47 s                                           p) t = 52 s                                            q) t = 69 s                                           r) t = 177 s 
Figure 7.28 B20-05. Sequence of 18 infrared thermograms showing the evolution of regeneration with B20-50 ppm fuel (loaded fuel mass, 0.99 kg).   
Also total duration (177 s) and interval temperature transition (from Tsurf,max = 330 
oC to 370 oC in 45 s)  duration are presented. 
Start of Regeneration 
Mode  
End of 
Regeneration 
Exhaust 
gas  
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Figure 7.29 B20-06. Measured temperatures along filter’s diameter near channels exit together with filter 
backpressure, filter inlet temperature and A/F ratio are presented during a high mass flow rate 
regeneration (14g/s) performed at 3250 rpm/22.2 Nm for a filter loaded (0.76 kg consumed fuel mass) with 
B20 fuel including 50 ppm Ce dose. 
 
The last regeneration of B20-50 ppm set of experiments with the lowest loading level but with the 
highest inlet and filter wall temperatures is presented in Figure 7.31. During this experiment the filter was 
loaded with 0.67 kg B20-50 ppm fuel with filter inlet temperature of 416 oC. The soot starts to oxidize when 
a temperature level of 420 oC is achieved resulting to a filter backpressure drop of 100 mbar in a period of 
189 s which is expressed as a 0.53 mbar/s filter pressure drop reduction rate. 
The temperatures in the periphery are about 14 oC lower, because of the heat losses of the uninsulated 
filter to ambient air. Furthermore, maximum filter central and peripheral wall temperatures of 543 oC and 
529 oC respectively are reported at 5990 s.  
Frame by frame analysis, as shown in Figure 7.32, indicates that B20-07 regeneration had a total 
duration of 189 s and the face temperature increase from 330 oC to 370 oC, frame (a) and frame (k) and 
from 370 oC to 410 oC, was completed in 101 s and 70 s respectively. There are also 2 not so visible 
regeneration wave fronts, which start from the 2nd and 3rd section of the filter, respectively, and move 
downstream to filter exit. As it can be seen, there are a lot of hot spots on filter’s surface which leads to an 
uncontrolled regeneration. The most representative frames are frames (f) and (h).   
Exhaust 
gas  
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a) t = 0 s (Tsurf,max = 330 
oC)              b) t = 1 s                                             c) t = 3 s                                              d) t = 6 s                                                          e) t = 10 s                                            f) t = 15 s 
   
   g) t = 130 s (Tsurf,max = 370 
oC)        h) t = 131 s i) t = 132 s    j) t = 133 s                                          k) t = 134 s                                          l) t =148 s 
 
   m) t = 149 s                                        n) t = 150 s                                        o) t = 151 s                                          p) t =152 s                                          q) t =166 s                                          r) t = 181 s 
 Figure 7.30 B20-06. Sequence of 18 infrared thermograms showing the evolution of regeneration with B20-50 ppm fuel (loaded fuel mass, 0.76 kg).   
Also total duration (181 s) and interval temperature transition (from Tsurf,max = 330 
oC to 370 oC in 130 s)  duration are presented. 
Start of Regeneration  
End of 
Regeneration 
Exhaust 
gas  
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Figure 7.31 B20-07. Measured temperatures along filter’s diameter near channels exit together with filter 
backpressure, engine speed, engine outlet temperature, filter inlet temperature and A/F ratio are 
presented during a high mass flow rate regeneration (14g/s) performed at 3250 rpm/22.2 Nm for a filter 
loaded (0.67 kg consumed fuel mass) with B20 fuel including 50 ppm Ce dose.  
 
Frame by frame regeneration analysis results are summarized in Table 7.6.  
 
 Table 7.6. Results from the processing of infrared images in the case of B20-50 ppm Cerium doped fuel. 
Fuel Fuel mass 
consumed during 
loading [kg] 
Regeneration 
duration [s] 
Regeneration 
rate [mbar/s] 
Transition time from 
Tsurf,max = 330 
oC to 370 oC 
Transition time from 
Tsurf,max = 370 
oC to 410 oC 
B20-07 0.67 189 0.53 101 70 
B20-06 0.76 181 0.51 130 - 
B20-05 0.99 177 0.68 45 - 
B20-04 1.08 129 0.56 57 - 
B20-03 1.26 65 1.34 - - 
B20-02 1.42 120 0.96 55 - 
B20-01 1.57 94 1.2 30 - 
 
Based on these results, the increase of filter loading level, between B20-06 and B20-01 experiments, 
induced a decrease of the total regeneration duration and of the transition time between the characteristic 
temperature thresholds of 330 oC to 370 oC. Moreover, it induced a significant increase in the filter 
backpressure reduction rate. B20-04 results indicated an erratic regeneration.  The effect of a higher filter 
inlet temperature was clearly observable in the B20-07 experiment, led to the highest measured 
temperatures on filter’s surface. 
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a) t = 0 s (Tsurf,max = 330 
oC)          b) t = 10 s                                   c) t = 13 s           d) t = 15 s                                    e) t = 18 s                                      f) t = 20 s   
 
      
g) t = 22 s   h) t = 26 s     i) t = 29 s                                                      j) t = 35 s                                                               k) t = 101 s (Tsurf,max = 370 
oC)         l) t = 104 s      
  
    
m) t = 110 s                                        n) t = 123 s                                              o) t = 168 s                                                                                    p) t = 171 s (Tsurf,max = 410 
oC)         q) t = 177 s                                          r) t = 189 s 
Figure 7.32 B20-07. Sequence of 18 infrared thermograms showing the evolution of regeneration with B20-50 ppm fuel (loaded fuel mass, 0.67 kg).   
Also total duration (189 s) and interval temperature transition (from Tsurf,max = 330 
oC to 370 oC  and 410 oC in 101 s and 70 s respectively)  
duration are presented.    
Exhaust 
gas  
Start of Regeneration 
Mode 
End of 
Regeneration 
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Summarizing the results of the B20 experiments, we can state the following basic findings: 
 
 Seven transient regeneration tests were performed at one high exhaust mass flow rate engine 
operation point, 3250 rpm/22.2 Nm, with markedly different levels of filter inlet temperature and filter 
loading. 
 In all experiments, it was observed that the catalytic soot oxidation initiates at about 330 oC - 420 oC ,t 
and the temperatures at the periphery were about 13 oC lower, because of the heat losses of the 
uninsulated filter to the ambient air, and there were 2 regeneration wave fronts started from the 2nd 
section of the filter. 
 As expected the increase in filter loading levels leads to faster regenerations with higher peak 
temperatures.   
 The model is capable to predict temperatures inside the filter with high accuracy. As expected the 1D 
model does not successfully predict the evolution of filter during regeneration. The model predicts a 
slower reduction to the pressure drop as the regeneration initiates. The reason could lie in the fact 
that this initial phase of regeneration is associated with a VOF desorption process that is responsible 
for the rapid backpressure decrease.  VOF content is higher in the case of B20-50 ppm enhancing this 
process. 
 Hot spots are clearly observable, using B20-50 ppm Cerium doped fuel, and increase in accordance 
with the increase in the filter inlet temperature.  
 
Comparative basic findings for B0 and B20 fuel: 
 
 Soot oxidation temperature was 387 oC and 367 oC in the case of B0-50 ppm and B20-50 ppm fuel 
respectively. It is obvious that there is a decrease 20 oC using B20 blend, leading to lower temperatures 
inside filter walls and on filter’s surface during regeneration process. This observation, which is in 
accordance with other researchers [64, 159], can be mainly explained by the higher reactivity of 
biodiesel soot.  
 Comparing B0-02 with B20-02, it is obvious that at the same regeneration duration higher filter 
backpressure decrease is achieved with lower filter wall temperatures, about 28 oC, using B20-50 ppm 
Cerium doped fuel due to the higher reactivity and the higher Cerium quantity in the accumulated B20 
soot layer. 
 Another difference is related with the evolution of the regeneration wave front. B20 wave fronts start 
from the second section of the filter (middle zone) and move downstream in accordance with the 
exhaust gas flow. On the other hand, B0 wave fronts start from the 2nd and 3rd section respectively and 
move downstream (1st wave front) and then upstream (2nd wave front), namely, opposite to the 
exhaust gas flow. 
 Infrared regeneration analysis shown that B20 blend enhances the appearance of erratic regenerations 
creating significant number of hot spots at different positions of the filter’s surface due to the higher 
VOF content and the soot reactivity.  
 Soot mass reduction prediction is more accurate using B20 blend, which is expressed as a cleaner filter 
with lower filter wall temperatures. 
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7.3 Model and reaction scheme employed 
The in-house model CATWALL v4r3b [160] was employed in the computational investigations. This is an 
1-D model with the following reaction scheme: 
 
Table 7.7. Reaction and rate expressions of the regeneration model 
 
 Reaction Rate expression 
1 2 2C+O CO  1 1r =k y  
2 CO0.5O+C 2   2 2r =k y  
3 2 2 3 2C+4CeO 2Ce O +CO  3 3r =k ψ  
4 2 2 3C+2CeO Ce O +CO  4 4r =k ψ  
5 2 3 2 2Ce O +0.5O 2CeO   5 5r =k 1-ψ  
 Where: g
-E/R T
i ik =Ae i=1…5   
 
More details on the model’s characteristics and capabilities are contained in [71, 72, 158, 161, 162] 
7.4 Filter geometry and model input data 
The main filter geometry and input data of the simulation model are summarized in the following table: 
  
Table 7.8. Model main input data (DPF parameters). 
# DPF PARAMETERS  
'monolith length [m]' 0.15 
'monolith diameter [m]' 0.034 
'cpi' 177 
'plug length [m]' 0.005 
'substrate thickness [m]' 0.0006 
'cp deposit [J/kgK]' 1.51E+03 
'deposit density [kg/m3]' 240 
'deposit conductivity [W/mK]' 2.10E+00 
'wall density [kg/m3]' 1800 
'wall permeability [m2]' 1.7E-13 
'soot permeability [m2]' 2.02E-10 
'initial filter loading [kg]' 0.0025 
'initial filter temperature [oC]' 346 
7.5  Tuning of kinetics parameters 
The kinetics parameters of the model were adapted using those of Stratakis et al [158] as a starting 
point. The final values after manual tuning to match the experimental results of the previous section are 
presented in the following Table: 
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Table 7.9. Final kinetic parameters after manual tuning to the experimental results (B0-50ppm and B20-50 
ppm experiments respectively).  
# REACTION SCHEME 
B0 B20 
A [mole/m3s E [kJ/mole] A [mole/m3s E [kJ/mole] 
'C + O2 --> CO2' 8.00E+16 190000 8.00E+15 190000 
'C + (1/2)O2 --> CO' 8.50E+12 150000 8.50E+11 150000 
'C + 4CeO2 --> 2Ce2O3 + CO2' 6.00E+11 110000 3.00E+11 110000 
'C + 2CeO2 --> Ce2O3 + CO' 7.00E+09 95000 9.00E+08 80000 
'Ce2O3 + (1/2)O2 --> 2CeO2' 8.00E+08 80000 8.00E+08 80000 
 
For comparison, we present a graph with kinetic parameters estimated on the TGA by other researchers 
[74, 76]. These data are not directly comparable, since the data of Stratakis refer to soot samples taken 
directly from the filter, whereas the data of Lu et al. to samples collected in 47 mm quartz filters from 
diluted exhaust. 
 
 
Figure 7.33. Comparison of kinetic parameters estimated in the TGA by other researchers [74, 76]. The data 
of Stratakis refer to soot samples taken directly from the filter, whereas the data of Lu et al to samples 
collected in quartz filters from diluted exhaust. 
  
The following remarks can be made on the comparison of computed and measured evolution of the 
regenerations of the previous section: 
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 The values of E determined from previous TGA experiments produced a satisfactory prediction of the 
full-scale regeneration process in the filter for both of the used fuels. 
 During all the experiments, a discrepancy between the measured and the predicted filter backpressure 
was observed. The model predicts a slower reduction to the pressure drop. 
 The reason would be lie in the fact that the initial phase of the regeneration is associated with a VOF 
desorption process that is responsible for the rapid backpressure decrease. This situation is not 
predictable by the 1D pressure drop model which considers an average soot permeability value during 
the whole regeneration process. 
 As a general rule of thumb, the catalytic regeneration kinetics (frequency factors) were tuned to 
represent the experimentally determined, low temperature (catalytic) regeneration behavior of the 
filter. 
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8. Impact of biodiesel on fuel system components durability 
In this chapter, the impact of high and low percentage biodiesel blends on fuel system 
components durability of modern and conventional diesel engines is presented. In this thesis, 
high percentage biodiesel blend, B70, and low percentage biodiesel blends, B20 and B40, was 
used in a PSA DW10ATED HDi and a Ruggerini RF91 DI diesel engine, respectively. In the case 
of DW10, the engine was subjected to steady state and transient testing with the B70 fuel for a 
total of 30 h in the period 2008–2010. This prolonged use led to the failure of the high 
pressure pump and pressure regulator and the wear of injector’s moving parts. On the other 
hand, RF91 was subjected to steady state testing with B20 and B40 fuels for a total of 13 h and 
2 h respectively in the period December 2011-January 2012 without any operation problems.   
8.1  Introduction  
Biodiesel is defined as the mono alkyl esters of long chain fatty acids derived from vegetable oils or 
animal fats. The term Fatty Acid Methyl Ester (FAME) [163] is often used as a generic expression for the 
trans-esters of these naturally occurring triglycerides which find application as either a replacement for or a 
blending component for use with fossil derived diesel. There is a great potential for significant variation in 
product quality and specification for products generally described as biodiesel. Research has shown that 
there are fuel quality, handling, storage and vehicle operability requirements which need to be addressed 
where biodiesel is used in the automotive diesel vehicle fleet. This has led to numerous initiatives by fuel 
producers, Original Equipment Manufacturers (OEMs) and their Industry Associations to publicize their 
issues and to lobby fuel legislators to include a number of parameters in regional biodiesel specifications. 
In the United States, this has led to the development of a specification for biodiesel, ASTM D6751-03 
[164]. This standard is intended to address the quality of pure biodiesel (B100) when used a blend stock of 
20% lower. Recently, ASTM D7467-10 specification [165] was developed in order to cover fuel blend grades 
of 6 to 20 volume percent (%) biodiesel with the remainder being a light middle or middle distillate diesel 
fuel. Biodiesel blends are generally referred to as BX, where X is a number which denotes the volume 
percent of biodiesel incorporated in the finished fuel. The ASTM D6571 standard specifies biodiesel as long 
chain fatty acid methyl esters from vegetable or animal fats containing only the alcohol molecule on one  
ester linkage. This effectively excludes raw or unrefined vegetable oils which contain three ester linkages. 
Within the United States and the European Union soybean oil [166] and rapeseed oil [27] respectively are 
the leading source biodiesel feedstock. The European Committee for Standardization developed a uniform 
standard, EN14214 [118], to replace the respective national standards. 
The compatibility of seal and hose materials commonly encountered in automotive fuels, using 
conventional hydrocarbons fuels, has long been established and elastomer manufacturers are able to make 
recommendations for their use. Studies [140, 167] and in use experience has shown that certain seals, 
gaskets and hoses may degrade under certain operating conditions in contact with B50 or high percentage 
blends. Most elastomer materials will undergo a physical or chemical change when in contact with fuel. The 
degree of change depends upon the tendency of the material to absorb a fuel or on compounds being 
dissolved or extracted by the fuel. This can lead to a number of changes in the physical characteristic of the 
material including swelling, shrinkage, embrittlement and changes in tensile properties. The limit of a 
permissible physical change varies with the application and some degree of change can usually be 
tolerated. For example, a material that swells in a fuel or suffers a decrease in hardness may well continue 
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to be fit for purpose for a long time as a static seal. However, in dynamic applications, swelling may result 
in increased friction and wear and so a lower degree of volume change can be tolerated. 
Effects to produce low and ultra low sulfur fuels by hydro-treatment have resulted in the removal of 
polar nitrogen and oxygen compounds and hence reduced the good lubricating properties of diesel fuel. 
Several investigations have reported that biodiesel can significantly improve lubricity of low sulfur diesel 
fuel at relatively low concentrations. In addition, it has been reported that the use of biodiesel can reduce 
the concentration of metal wear particles and increase engine life span [168]. However, it has also been 
reported that the formulation of corrosive materials (such as organic acids, water and methanol), polymers, 
gum formation, thermal and oxidative instability and water separation may give rise to engine operability 
problems. The following engine operability problems have been identified during extensive field trials as 
being caused by these fuel characteristics:  
 
 corrosion of fuel Injection components 
 elastomeric seal failures 
 low pressure fuel system blockage, including in tank pipe and fuel filter 
 fuel injector spray hole blockage 
 increased dilution and polymerization of engine sump oil 
 pump seizures due to high fuel viscosity at low temperatures 
 
Besides of the fuel system durability problems, use of biodiesel can lead to serious engine problems, 
including piston ring sticking and piston and cylinder head deposits. 
As a consequence, OEM’s and their Industry Associations have been cautious in their acceptance of 
biodiesel and biodiesel blends [28, 169]. 
The effect of fuel on engine components wear is very important as it affects the engine durability, fuel 
economy, and emissions. The main causes of wear are metal to metal contact, the presence of abrasive 
particles, and attack by formed corrosive acids during the combustion process. The lubricant transports 
protective chemicals to the sites where they are needed and transports waste products away from the sites 
where they generated [170]. Several researchers reported that soot is one of the main factors that 
increases engine wear as it interacts with oil additives and reduces the effectiveness of antiwear additives 
[171-174]. This results in breakdown of the oil permitting contact between soot particles and the engine 
surfaces. Under these conditions the lubricant boundary layer is about 0.001-0.05 μm thick. However, soot 
particles have diameters ranging from 0.01 μm to 0.8 μm and could therefore cause abrasive wear. 
Boundary lubrication occurs at top dead center (TDC) and bottom dead center (BDC) positions of the cycle 
and hence, maximum wear occurs at these positions [172, 175]. 
Cylinder liner wear mainly corresponds to wear of the surface topography in the peak and core zones. 
The valley zone is less affected. Surface wear at TDC and BDC locations is more severe than the middle 
[176]. Atomic absorption spectroscopy is one of the most commonly used techniques for qualitative and 
quantitative analysis of wear debris in techniques oil [168, 177-180]. 
 Peterson et al. [64] reported 1000 h EMA engine test with three engines fueled with B25, B50 and B100 
blends of hydrogenated soy ethyl ester (HySEE) and observed lower wear and cleaner internal engine parts 
with B100 HySEE. Ziejewski [181] conducted 200 h EMA durability test with sunflower methyl ester as a fuel 
on turbocharged intercooled DI engine and compared it with base line mineral diesel data. Initial and final 
measurements on engine did not indicate any significant wear, less carbon buildup in the intake ports, 
intake valve tulips, and comparable carbon buildup in the exhaust port with methyl ester. Slightly more 
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carbon deposits were observed on the valve stems and on the cylinder sleeves above the ring travel area 
and piston top land in the case of methyl ester fuel. Agarwal et al. [168, 178] found less carbon deposits 
and lower wear of engine parts in the case of B20 linseed oil methyl ester fueled engine during endurance 
test on a constant speed DI diesel engine. Kalam and Masjuki [180] performed 100 h test with half throttle 
setting at constant speed (2000 rpm) for different blends of palm oil methyl ester containing anti -corrosion 
additive and observed lower wear with B15 blend. Similar results have also been reported by Kenneth et al. 
[182] and Kearney et al. [183] after different conducted field trails by using B20 blend. In addition, Chase et 
al. [184] did not find significant engine wear after long test of 322,000 km using B50 HySEE blend.  
On the other hand, Clark et al. [185] reported comparable deposits on engine wear, however slightly 
different in color and texture, with the methyl ester engine experiencing greater carbon and varnish 
deposits on the pistons. The physical measurements and inspection showed no noticeable difference. No 
wear was measureable on the cylinder walls (liners) and pistons, and no rings were found stuck in the 
grooves. In all cases, the original honing marks in the liners were clearly visible. Slightly higher levels of 
aluminum and lead in lubricating oil were reported with methyl ester. Fraer et al. [186] reported higher 
sludge formation on the valve deck around the rocker assemblies and more injector replacement for B20 
fueled engine particularly for Mack tractor engines. Higelin and Charlet [187] reported heavy deposits in 
the combustion chamber and injector nozzle tip after a 20 h test with sunflower oil as fuel. Their test was 
performed at idle speed and low load. In the same way, National Biodiesel Board [188] has reported that in 
1000 h durability test on engine with B20 soyester blend caused serious technical problems like failure of 
engine pump, softening of fuel system seals, deposits on air box covers, piston components and injectors. 
Furthermore, some truckers have complained that fuel filter plugging is increasing as animal fat and 
soybean-based fuels are being introduced nationwide [189]. Based on the previous paragraphs, it is obvious 
that fuel system problems, including filter plugging by use of B100 fuel have been mainly documented in 
the United States. According to a survey conducted by the Minnesota Trucking Association [190], 62% of 
900 fleets said they had experienced fuel filter plugging. In most of the studies, the most common problems 
were fuel filter plugging and injector coking.   
Biodiesel can also affect the condition of the lubrication oil. An engine equipped with an active 
regenerated DPF can lead to fuel dilution of the engine oil. The dilution of fuel in engine oil is a function of 
the engine operating strategy and properties of the fuel used. Biodiesel is made of fatty acid methyl esters 
which have different physical attributes compared to conventional diesel: higher surface tension, higher 
viscosity and lubricity and lower volatility. The mechanism for oil dilution, regardless of fuel used, is driven 
by the low volatility components in the fuel [20]. These low volatile components require longer vaporizing 
after post-injection, which may lead to deposition on the cylinder walls during combustion. As the piston 
moves down during the power stroke, these deposits can be pushed down into the crankcase. Fuel dilution 
of motor oil can be detrimental to an engine and its components. Viscosity is an important factor in the 
quality of engine oil. As the viscosity decreases metal to metal contact can occur causing catastrophic 
failure of bearings and the wearing of the pistons and rings.Nowdays, the engine oil viscosity can be 
measured using specific sensor provided by global manufacturers like Delphi Corporation. There are also 
commercial sensors in order to monitor engine oil condition [191].  
These sensors electrically stimulate the oil at a particular low voltage and frequency that is designed to 
obtain the greatest response from both additives and oxidation by products in the oil. The oil itself does not 
react electrically. The reading is obtained by measuring the overall conductivity of the oil and compensating 
for changes due to variations on the oil temperature. 
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In this thesis, we investigated the impact of high (B70) and low percentage biodiesel blends (B20 and 
B40) on 1st generation common rail injection system and pump in line nozzle injection system respectively. 
It should be mentioned that the experiments were cconducted on unmodified diesel engines. The most 
serious failure was that of the common rail high pressure fuel pump. The results of the biodiesel impact are 
presented by means of photos, with and without magnification, of injection system components. 
8.2  Fuel filter plugging 
Following the fuel line, the first component of the injection system is the fuel filter, which consists of the 
box and the filter. Figure 8.1 and Figure 8.2 illustrate fuel filter’s condition after 30 h operation with B70 
blend. It is obvious that the filter totally plugged by sticky slurry causing problems in the fuel flow from the 
filter to the high pressure pump. This finding is in accordance with the reported results of other researchers 
and associations [189, 190, 192]. After that, the box was carefully cleaned and the filter was replaced. 
 
  
Figure 8.1. Fuel filter box. Significant quantity of brown dense slurry was found at the bottom of the box. 
 
 
Figure 8.2. Fuel filter condition after 30 h operation with B70 fuel. 
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8.3  Common Rail injector wear 
The second easily affected component of the injection system is the injectors. The effect of biodiesel 
fuel on the long-term durability of fuel pumps or injectors is an important subject for all biodiesel fleet 
users since fuel injectors and especially high pressure pump are costly parts. A brand new set of DW10 
common rail injectors is shown in Figure 8.3.  
 
 
Figure 8.3. Brand new set of Common Rail injector (left) and closer view of injector nozzle (right).  
 
On the other hand, Figure 8.4 presents injectors condition after the prolonged testing with B70 fuel. It is 
obvious that the nozzle body and the holes were totally covered by dense slurry. 
 
 
Figure 8.4. Used Common Rail injectors (left) and closer view of the deposits (right). 
 
In order to better understand the impact of biodiesel, each injector was analyzed by means of electric 
microscope. Several photos, magnification 10X, of the nozzle body, tip of the nozzle and nozzle holes area 
were taken. Figure 8.5 to Figure 8.8 indicate heavy oily deposits on injector nozzle disturbing the flow 
pattern of the injected fuel. Nozzle holes were totally covered except of the 1st injector, where the holes 
remained open. Based on these figures, 3rd and 4th injector seems to have serious operation problems.  
Next step was the disassembling of the injectors according to official repair manual, as shown in Figure 
8.9, Figure 8.10 and Figure 8.11. 
The main components of a common rail injector are presented in Figure 8.11 and Figure 8.12. According 
to these figures, this type of injector consists of 2 parts, injector body and nozzle body. The most easily 
affected parts, besides the nozzle holes, are injector’s moving components like needle, plunger and spring. 
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Following move was the cleaning of the injectors using laboratory’s ultrasonic tank, Figure 8.12. The 
cleaning procedure included several ultrasonic baths of each component using commercial cleaning fluid. 
 
 
Figure 8.5. 1st cylinder Common Rail injector magnified view after 30 h operation with B70 fuel. 
 
 
Figure 8.6. 2nd cylinder Common Rail injector magnified view after 30 h operation with B70 fuel. 
 
 
Figure 8.7. 3rd cylinder Common Rail injector magnified view after 30 h operation with B70 fuel.  
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Figure 8.8. 4th cylinder Common Rail injector magnified view after 30 h operation with B70 fuel. 
 
 
 
Figure 8.9. Disassembly view of the injectors (left) and closer view of the nozzle  (right). 
 
After the cleaning procedure, it was necessary to search carefully the surfaces of each part for extensive 
wear by means of electric microscope. Figure 8.13 to Figure 8.16 present several photos of clean nozzle 
holes areas and plungers. It becomes obvious that, the prolonged testing led to extensive corrosion of the 
plungers, as indicated by the red circles. 
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Figure 8.10. Nozzle house (a), plunger and alignment pins (b) and moving piston and fuel return hole (c).  
 
 
Figure 8.11. Common rail injector components. From right to left we have, injector body including supply 
and return fuel line, spring, plunger, nozzle nody including needle, nozzle house and washer.  
 
 
Figure 8.12. Cleaning procedure using ultrasonic bath (left) and disassembly view of the clean injectors 
(right).  
a
) 
b
) 
c
) 
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Figure 8.13. After cleaning magnified view of the 1st injector nozzle holes (a), needle tip (b) and plunger (c).  
 
 
 
Figure 8.14. After cleaning magnified view of the 2nd injector nozzle holes (a), and plunger (b) and (c). 
 
 
 
Figure 8.15. After cleaning magnified view of the 3rd injector nozzle holes (a), and plunger (b) and (c). 
 
 
 
Figure 8.16. After cleaning magnified view of the 4th injector nozzle holes (a) and (b), and plunger (c). 
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8.4  Pressure regulator replacement 
After the cleaning, inspection and replacement of the injectors, we inspected and finally replaced the 
high pressure regulator which is found at the discharge side of this 1st generation high pressure pump, 
Figure 8.17. 
 
 
Figure 8.17. Pressure regulator place (left) and brand new one (right). 
8.5  Common Rail high pressure pump replacement 
 
Figure 8.18. Brand new Bosch high pressure pump (left) and model characteristics (right). 
 
As it was mentioned above, the most serious failure was that of the high pressure pump. A summary of 
the diagnosis procedure is presented below. In October 2010, the engine refused to start and we made a 
thorough inspection of the fuel lines and injection system. Our findings were presented above. The most 
serious failure was that of the high pressure fuel pump, Figure 8.18. Starting from the fuel filter, Figure 8.1 
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and Figure 8.2, we observed the existence of a significant quantity of dense slurry rich in fatty esters. After 
cleaning the fuel filter we proceeded with removing the fuel injectors. The injector’s nozzle and holes 
covered by heavy oily carbon deposits. We proceeded with disassembling the set of injectors. A certain 
degree of the same oily deposit was found in the needle tip. After installing a new set of fuel injectors the 
engine still could not start. Moreover, the indication from the INCA interface was zero rail pressure. Thus, 
we continued with inspection of the high pressure fuel lines and the common rail without any important 
findings. We continued upstream to the high pressure fuel pump and found out that all fuel was diverted to 
the return line.  
Next, we removed and inspected the pressure regulator which is found at the discharge side of this 1st 
generation fuel pump (Figure 8.17 left, with the regulator removed from the pump). We mounted a new 
pressure regulator (Figure 8.17 right) however the engine again failed to start and all fuel diverted to the 
return line. Finally, we were obliged to install a new fuel pump (Figure 8.18) and the engine now runs 
smoothly. We did not yet proceed to disassembly of the failed high pressure fuel pump to find the exact 
cause of the pump failure.  
Based on the above findings, which agree experience from other researchers [140, 167], it would not be 
wise to exploit the full range of biodiesel blending with this type of engines, until the required fuel system 
modifications are decided by the manufacturers. A maximum blending of 30% on the average would be a 
more conservative approach. 
Taking into account our previous findings, we employed the same procedure on RF91 mechanical 
injector. Figure 8.19 presents a closer view of the injector after 40 h operation with diesel fuel. The nozzle 
body and the holes were not covered by carbon deposits, as reported in the case of B70 blend. On the 
other hand, Figure 8.20 and Figure 8.21 indicate the impact of biodiesel on injector durability. As shown in 
these figures injector had the same view with that presented in paragraph 8.3. Nozzle holes area and nozzle 
body were totally covered by oily deposits and white additive ash. 
 Next, we cleaned and inspected again the injector using ultrasonic tank and electric microscope 
respectively. The final view of the nozzle body is presented in Figure 8.22. RF91 engine continues to run 
smoothly using different biodiesel blends, B10, B20 and B40 including 50 ppm cerium doped fuel additive. 
 
 
Figure 8.19. RF91 injector closer view after 40 h operation with conventional diesel fuel (B0 and 0 ppm fuel 
additive). 
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Figure 8.20. RF91 nozzle tip, magnified view, after 15 h operation with B20 and B40 including 50 ppm 
cerium doped fuel additive. 
 
 
Figure 8.21. RF91 nozzle body, magnified view, after 15 h operation with B20 and B40 including 50 ppm 
cerium doped fuel additive 
 
 
Figure 8.22. After cleaning magnified view of the injector nozzle holes and body. 
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9. Experimental investigation of the effect of biodiesel blends on the 
characteristics of fuel sprays  
  
In this chapter, the injection characteristics of biodiesel fuel in low injection pressure 
conditions (Diesel burner) are presented. Experiments were conducted at various blending 
ratios, B0, B20, B40, B60, B80 and B100. The atomization characteristics of biodiesel blended 
fuels were investigated in terms of injection velocity, Sauter Mean Diameter, velocity and 
diameter distributions by using spray visualization system and 1D Laser Doppler Velocimetry 
device. The break-up characteristics are mainly influenced by the Weber number which is 
lower for biodiesel blends than with conventional diesel. The results indicate an increase in the 
Sauter mean diameter of droplets and a respective decrease in mean droplet velocity with 
increasing blending ratio. This is due to the viscosity and surface tension of the biodiesel being 
higher than those of conventional diesel fuel.   
9.1  Introduction 
The effects of biodiesel blends on the injection characteristics have been studied by other researchers. 
The atomization characteristics of biodiesel fuel such as spray tip penetration and mean droplet size play an 
important role in engine performance and emission characteristics. Moreover, biodiesel blends have 
different physical properties and their atomization characteristics [193, 194] need to be further 
investigated. Ramadhas et al. [195] studied correlations between the physical properties of biodiesel 
blends and their combustion characteristics in conventional engines. To study the effect of the high 
viscosity of biodiesels on the spray characteristics, Lee and Park [196] compared the process of spray 
development between the conventional diesel and biodiesel blends using a common rail injection system. 
Their results indicated that the spray tip penetration increase with the increase in mixing ratio of the 
biodiesel because the biodiesel blends are more difficult to atomize in comparison to conventional diesel 
due to their higher surface tension. 
The purpose of this chapter is to investigate the effect of biodiesel blends on the spray characteristics in 
a conventional diesel burner injector by means of calculations and several set of LDV experiments.  
9.2  Influence of fuel properties on droplet diameter 
Droplet size distribution for high pressure nozzles is hard to obtain and thus considered to be not very 
accurate. A major problem is that the spray is very thick so that the optical techniques are difficult to use. 
The various physical phenomena involved in pressure swirl atomization are highly complex, and many 
empirical correlations have been developed to formulate mean droplet size as a function of fuel properties. 
Correlations for Sauter Mean Diameter (SMD) are presented in the following equations: 
 
 
 
0.916
6 -0.458 0.209 0.215 orf
eff
A
SMD=1.605x10 (Δp) (m) (ν)
A(t)
, Knight [197] 
3 -0.135 0.121 0.131
aSMD=2.33x10 (Δp) (ρ ) (V) , Hiroyasu and Kabota [198] 
6 0.385 0.737 0.737 0.06 -0.54
l aSMD=3.08x10 (ν) (σ) (ρ ) (ρ ) (Δp) , El-Kotb [199] 
0.25 0.25 0.25 -0.5 -0.5
aSMD=2.25(σ) (μ) (m) (Δp) (ρ ) , Lefebvre [90] 
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where, V is the injection fuel volume [m3/stroke], m is the injection rate [kg/s], orfA is the area of nozzle 
holes [m2] and effA(t)  [m
2] is the effective area of nozzle holes at Δp. These correlations are not applicable 
to our experiments, which are steady-state ones at atmospheric pressure and with a burner instead of an 
engine injector. 
9.3  Diesel spray dynamics 
The fuel sprays used in direct injection reciprocating engines are unsteady, so that their characteristics 
vary with time [200]. Although, some of these sprays, such as those used in direct injected spark ignited 
engines, are of much lower pressure and momentum than the typical high momentum diesel spray. In this 
section, diesel spray development will be presented. As break up takes place for the first l iquid out of the 
nozzle, the droplets encounter the undistributed flow field. The first droplets then quickly give up their 
momentum to the air and suddenly slow down. The next droplets formed at the nozzle now see air set in 
motion by the preceding droplets and thus do not show slow down as quickly. Due to that fact, it is possible 
to build up the entrained airflow and to allow the following droplets to penetrate farther downstream. 
Droplets formed later pass droplets formed earlier. The unsteady air motion induced by the exchange of 
momentum with the droplets sweeps fresh into the spray and transports vapor toward the tip of the spray.  
9.4  Laser Doppler Velocimetry overview 
Laser Doppler Velocimetry measures the velocity of small particles that are moving in the fluid of 
interest [201]. Assuming the particles are small, the velocity of these particles can be assumed to be the 
velocity of the fluid itself. The physical principle used to measure the particle velocities is the scattering of 
light by the particles. The intersection of the two laser beams (for each component of velocity) results in a 
fringe pattern-series of light and dark fringes. As a particle moves through the measuring volume, it scatters 
light when it crosses a bright fringe and scatters no light as it passes a dark fringe. This results in a 
fluctuating pattern of scattered light intensity with a frequency proportional to the particle velocity. Since 
the distance between fringes and the time for particle to go-from one fringe to the next are known, the 
measured signal frequency can be converted to velocity. The scattered light is collected by optics and 
converted to electrical signals by photomultiplier tubes. The frequency of the signal, known as Doppler 
frequency fD, is measured and then velocity, u, is calculated by multiplying the frequency by the fringe 
spacing, δf. 
9.5  Test equipment and procedure  
Fuel properties such as viscosity, density and surface tension affect on the spray evolution. Fuel injection 
characteristics are some of the most important factors because they may be used to design injection 
systems and combustion chamber shapes. Table 9.1 summarizes LDV device main characteristics. The 
velocity measurement system was composed of an Ar-Ion laser. The Ar-Ion laser emits a laser beam with 
514.5 nm wavelength. The continuous output beam was divided into two beams of equal intensity by a 
beam splitter, and a frequency shift of up to 40 ΜHz was created by a Bragg cell. The two beams were 
collimated and focused inside the injected fuel jet, to form an interesting fringe pattern. It should be 
mentioned that, seeding particles were not used during the experiments. The signal from the scattered 
light was collecting using a photomultiplier and a frequency processor interfaced to a PC.  
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Table 9.1. Characteristics of the Laser Doppler Velocimeter.  
Laser Head (Melles Griot, LA300) 300 mW 
Photo Detector Module (PDM 1000) 
Frequency range  0 Hz to 175 MHz 
Maximum Power  3 mW 
Wavelength  635 nm 
Signal Processor (FSA 3500) 
Frequency range 300 Hz to 1000 MHz 
Maximum Sampling Rate 400 MHz 
Maximum Data Rate 100 kHz 
Maximum Samples/Burst 256 
Downmix Frequencies 0.1 to 40 MHz 
TR 60 Series Probe (Model TLN06-135) 
Wavelength 514.5 nm 
Probe Beam Diameter 2.65 mm 
Probe Beam Spacing 50.0 mm 
Lens Focal Distance 122.2 mm 
Lens Diameter 61.5 mm 
Numerical Aperture 0.228 
Beam-Crossing Half Angle (Kappa) 10.7 
Measurement Vol.Diameter 34 μm 
Measurement Vol. Length 0.18 mm 
Fringe Spacing 1.39 μm 
Number of Fringes 24 
Probe Length 464.3 mm 
Probe Diameter 82.3 mm 
 
The spray analyzed in this work was generated by a manually controlled low pressure injection system, 
which consists of a modified diesel burner mounted inside a water tunnel. The experinetal setup is the 
presented in Figure 9.2. The test nozzle used in the experiments has a hole of 0.2 mm diameter and an 80 
deg spray angle. The fuel pump was powered by an electric motor running at rpm and the fuel was 
pressurized up to 10 bar. Figure 9.1 shows a schematic diagram of the injection velocity measuring system.  
To investigate the atomization characteristics of biodiesel fuel 26 measuring points were selected at 5 
mm intervals from 10 mm to 223 mm according to the axial direction and at 2 mm interval to radial 
direction. At each point, 60,000 droplets were captured and analyzed. 
The spray visualization system was composed of a La Vision laser. The laser with a rotating mirror is 
employed to produce a level light sheet. The characteristics of the Laser are Po=1.277 W, F =10000 Hz and 
λ=532 nm, as presented in Figure 9.5. The laser sheet crosses perpendicularly the lateral plexiglass surface 
of the water tunnel and lights up a vertical section of the fuel spray. For the visualization analysis were 
selected 5 points at 1 cm, 2 cm, 3cm, 5.5 cm, 10.5 cm, and 15.5 cm from the tip of the nozzle for 3 fuels, B0, 
B40 and B100. Figure 9.4 shows a schematic of the flow visualization technique employed. 
It should be mentioned that the experiments were conducted at room conditions, ambient temperature 
and pressure 25 oC and 1 atm respectively. 
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Figure 9.1. Experimental setup schematic diagram – LDV 1D components, injector nozzle and computer 
equipped with FlowSizer software. 
 
 
Figure 9.2. Low injection pressure (10 bar) experimental setup, including water tunnel, fuel tank, fuel 
pump, injection nozzle and TSI probe. 
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Figure 9.3. Low pressure diesel spray. Green laser beams and cross-section area (measurement volume) are 
clearly observable. 
 
Figure 9.4. Schematic representation of the flow visualization layout. 
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Figure 9.5. The green 1.277 W laserwith the rotating mirror, power supply -control unit. 
 
9.6 Test fuels 
The fuels under investigation are pure Diesel (0% biodiesel) and two blends of Biodiesel in pure Diesel. 
The volume based blending ratios of biodiesel with conventional diesel fuel were set at 20%, 40%, 60%, 
80% and 100% (pure Biodiesel). Throughout this work the tested fuels were denoted as B0, B20, B40, B60 
B80 and B100 respectively. B0 conforms to European standard EN 590. The biodiesel employed in the 
measurements is a fatty acid methyl ester produced by 40% rapeseed oil, 30% soybean oil and 30% 
recycled cooking oils. It was supplied by ELIN biofuels SA (Volos factory) and conforms to EN 14214:2008 
specifications. Tested fuels properties are listed in Table 9.2. 
 
Table 9.2. Test fuel properties 
Specifications / ranges B0 B20 B40 B60 B80 B100 
Density (15 oC) (kg/m3) 825 840 852 864 876 885 
Viscosity (40 oC) (cSt) 2.493 3.039 3.384 3.730 4.075 4.720 
Surface tension (N/m) 0.02600 0.02637 0.02674 0.02711 0.02748 0.02800 
9.7  Results and discussion 
In the present Thesis, experiments were conducted to investigate the effect of biodiesel properties on 
the spray evolution characteristics. 
The most marked difference in the injection characteristics is the decrease in the injection velocity as 
presented in . Based on these results, the increase of the blending ratio induced an increase of the injection 
velocity because the injection pressure increases. The distributions of SMD are key parameters in analyzing 
spray characteristics because they are closely related to the combustion and emission characteristics in the 
engine. To study the atomization characteristics of biodiesel fuels, it is necessary to analyze the SMD 
distributions of biodiesel fuels because the physical properties such as the surface tension and viscosity of 
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the biodiesel are different from those of conventional diesel.  It is obvious that the SMD of biodiesel 
blended-fuel is higher than that of the conventional diesel. The break up characteristics of a droplet are 
mainly influenced by the Weber number [202] and the surface tension which in the case of biodiesel is 
higher than that of commercial diesel. Therefore, it can be seen that the lower Weber number of biodiesel 
blended fuels caused by higher surface tension is the reason for higher SMD distributions. 
 
Fuel atomization characteristics 
The fuel droplet size is an important parameter in analyzing spray characteristics because it is closely 
related to the combustion and exhaust emission characteristics in the engine. 
In order to compare the effect of the physical properties of biodiesel and diesel fuels on the atomization 
characteristics, the droplet diameter, axial mean velocity and fuel burn rate are analyzed at specific fuel 
injection conditions. The influence of blending ratio on droplet size distributions according to the axial 
distance from the nozzle tip is shown in Figure 9.8.  
The SMD, VMD and arithmetic mean diameter (AMD) of diesel and biodiesel blending fuel decreased 
with an increase in the axial distance due to the fuel atomization process. As can be seen in these figure, 
the injection of diesel and biodiesel blends had a smaller droplet diameter than the injections in near area 
of nozzle tip. The comparisons of the SMD values show that biodiesel blended fuel is higher than that of 
conventional diesel fuel and the VMD and AMD values have similar trends.  
It is generally known that the surface tension is a dominant factor of the droplet breakup mechanism. 
Therefore, the higher viscosity and surface tension of the biodiesel, due to the increased blending ratio as 
indicated in Table 9.2, induced the higher SMD distributions. The above results may influence the fuel 
injection velocity. The axial mean velocities of diesel and blending fuels are illustrated in Figure 9.6. The 
higher viscosity of biodiesel can become a factor in a lower axial mean velocity because it increases the 
friction between the nozzle surface and fuel.  
 
 
Figure 9.6. Axial mean velocity distribution for B0, B20, B40, B60, B80 and B100 fuels under low pressure 
injection conditions. Pinj = 10 bar, Pamb = 1.01 bar. 
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Figure 9.7.  Mean droplet velocity distribution for B0. 
 
 
 
Figure 9.8. Differences in SMD, AMD, VMD distributions at several positions after the start of the injection 
for B0, B20 and B40 fuels. 
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Figure 9.9. Droplet diameters distribution for B0 fuel at several positions after the start of the injection. 
 
x = 1 cm x = 2 cm 
x = 3 cm x = 5.5 cm 
x = 10.5 cm x = 15.5 cm 
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Figure 9.10. Droplet diameters distribution for B40 fuel at several positions after the start of the injection 
 
x = 1 cm x = 2 cm 
x = 3 cm 
x = 5.5 cm 
x = 10.5 cm x = 15.5 cm 
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Figure 9.11. Droplet diameters distribution for B100 and B80 fuel at several positions after the start of the 
injection. 
x = 1 cm x = 2 cm 
x = 3 cm x = 5.5 cm 
x = 10.5 cm x = 15.5 cm 
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Figure 9.12. AMD distribution for B0. 
 
 
Figure 9.13. SMD distribution for B0. 
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Figure 9.14. VMD distribution for B0. 
 
Table 9.3. Mean droplet velocity, Jet We, Jet Re and Jet Oh for all the blends. 
Test Fuel B0 B20 B40 B60 B80 B100 
Mean droplet velocity [m/s] 25.31 24.95 24.60 24.25 23.92 23.81 
Wej 5.91 5.66 5.43 5.21 4.50 4.86 
Rej 1879 1642 1453 1300 1174 1078 
Oh 0.034 0.038 0.043 0.047 0.051 0.055 
 
Spray evolution characteristics 
The spray characteristics of diesel and biodiesel blends were investigated to study the influence of the 
viscosity and surface tension on spray development and atomization performance. 
    
 
Figure 9.15. Differences in spray evolution of RF91 injector for B0, B60 and B100 fuels under specific 
injection conditions. Pinj = 210 bar, Pamb = 1.01 bar. 
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Figure 9.16. Closer view of spray evolution of RF91 injector for B0, B60 and B100 fuels under specific 
injection conditions. Pinj = 210 bar, Pamb = 1.01 bar. 
 
Figure 9.17. Comparison of spray evolution (closer view) using low pressure nozzle for  B40 and B100 fuels 
(1 cm from the tip of the nozzle) under specific injection conditions. Pinj = 10 bar, Pamb = 1.01 bar. 
 
 
Figure 9.18. Comparison of spray evolution using low pressure nozzle for B0, B40 and B100 fuels (1 cm from 
the tip of the nozzle) under specific injection conditions. Pinj = 10 bar, Pamb = 1.01 bar.  
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Figure 9.19. Comparison of spray evolution using low pressure nozzle for B40 and B100 fuels (2 cm from 
the tip of the nozzle) under specific injection conditions. Pinj = 10 bar, Pamb = 1.01 bar. 
 
 
Figure 9.20. Comparison of spray evolution using low pressure nozzle for B0 and B100 fuel (2 cm from the 
tip of the nozzle) under specific injection conditions. Pinj = 10 bar, Pamb = 1.01 bar.  
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Figure 9.21. Comparison of spray evolution using low pressure nozzle for B0, B40 and B100 fuels (3 cm from 
the tip of the nozzle) under specific injection conditions. Pinj = 10 bar, Pamb = 1.01 bar. 
 
 
Figure 9.22. Comparison of spray evolution injections using low pressure nozzle for B0, B40 and B100 fuels 
(5.5 cm from the tip of the nozzle) under specific injection conditions. Pinj = 10 bar, Pamb = 1.01 bar. 
 
 
Figure 9.23. Comparison of spray evolution injections using low pressure nozzle for B0, B40 and B100 fuels 
(10.5 cm from the tip of the nozzle) under specific injection conditions. Pinj = 10 bar, Pamb = 1.01 bar. 
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Figure 9.24. Comparison of spray evolution using low pressure nozzle for B0 and B100 fuels (15.5 cm from 
the tip of the nozzle) under specific injection conditions. Pinj = 10 bar, Pamb = 1.01 bar. 
 
 
Figure 9.25. Spray evolution using low pressure nozzle for B40 fuel at several positions from the tip of the 
nozzle and under specific injection conditions. Pinj = 10 bar, Pamb = 1.01.  
             
 
Figure 9.26. Spray evolution injections using low pressure nozzle for B100 fuel at several positions from the 
tip of the nozzle and under specific injection conditions. Pinj = 10 bar, Pamb = 1.01.                 
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In order to have a comparison of approximate fuel burning rates, one can assume the the fuel burning 
rate of a spherical droplet is proportional to its external surface: 
 
For example, a spherical droplet of 1 mm diameter may be atomized in 1 million droplets of 10 μm. Based 
on the above assumption for the fuel burning rate being proportional to the square of its diameter: 
 
The burning rate for all 1 million droplets becomes:  
6 -5 2
2fbr =10 C (1 10 )    
Instead of the much lower burning rate of the 1 mm droplet:  
-3 2
1fbr =C (1 10 )   
Thus, the droplet atomization results in 10,000 times faster fuel burning rate: 
2
1
fbr
=10000
fbr
 
By applying this simplified approximate calculation for the total fuel burning rates for all 60,000 droplets 
of each sample measured by the LDV, we get the result of of Figure 9.27 which compares fuel buring rates 
of the sprays investigated in the above series of experiments. 
 
 
Figure 9.27. Differences in total fuel burnig rates for all 60,000 droplets of each fuel. 
9.8 Conclusions 
The effect of different mixing ratios of biodiesel-blended fuels on the atomization characteristics were 
investigated using convenstional low (10 bar) and medium (210 bar) pressure injection nozzles (the second, 
only for flow visualization purposes). The following findings are listed: 
 The kinematic viscosity and surface tension become higher as the mixing ratio of the biodiesel 
increases. Because of the different physical properties of biodiesels, the atomization 
characteristics of blended fuels are different from those of commercial diesel fuel. 
ERROR 
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 The surface tension of the biodiesel is higher than that of commercial diesel, which gives a lower 
Weber number (less strong breakup tendency).  
 The SMD, VMD and arithmetic mean diameter (AMD) of diesel and biodiesel blended fuels 
decreased with an increase in the axial distance due to the fuel atomization process.  
 The comparisons of the SMD values show that the biodiesel blends present increasingly higher 
SMD than the conventional diesel fuel. The VMD and AMD values have similar trends. 
 Comparisons of approximate fuel burning rates for different samples of 60,000 droplets each 
clearly indicate a decrease in fuel burning rate for B20 and higher blends. 
 The higher viscosity of biodiesel can become a factor in a lower axial mean velocity because it 
increases the friction between the nozzle surface and fuel. 
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10. Conclusions 
 The specialized literature is relatively sparse regarding the effect of fuelling modern, common rail 
diesel engines by high biodiesel content fuel blends. This study contributes to this area, by 
presenting comparative test results with a common rail, high pressure injection, passenger car 
diesel engine fuelled by B70 versus normal diesel fuel.  
 A sequence of representative steady state engine operation points was selected on the engine 
operation map. This test sequence was programmed in the dyno controller and engine 
performance and emissions characteristics were recorded, with the engine fuelled by B70 and B0 
fuel. 
 The biodiesel employed in the tests was a FAME based on 40% rapeseed oil, 30% soybean oil and 
30% waste cooking oils as raw material, supplied by a local factory. 
 As expected, decreased air to fuel ratio values were measured with the B70 blend. On the other 
hand, lambda was observed to increase at the medium-to-high load range. 
 Engine tests performed under low, medium and high load conditions have shown a sharp reduction 
in CO and HC emissions upstream catalyst, with the use of the B70 blend. 
 The effect of the decreased volume heating value of the biodiesel on the brake specific fuel 
consumption was confirmed. Engine efficiency was not observed to change significantly with 
biodiesel, presumably due to the high injection pressures (500-1350 bar) and very small droplet 
sizes.  
 The effect of the B70 blend on the main fuel injection parameters (common rail pressure, pilot and 
main injection advance and time) was measured and explained based on the maps stored in the 
ECU of the engine.  
 A significant increase of the fuel temperatures was observed with the B70 blend. It was necessary 
to install a heat exchanger in the fuel return line, in order to keep fuel at acceptable temperatures 
(less than 50 oC). 
 The effect of the B70 on NOx emissions was less pronounced and more complex. NOx reduction was 
only observed at medium-to-high loads. Again, this can be explained based on the modification by 
the ECU of certain fuel injection parameters for the B70 combustion. 
 Reduced PM emissions and smoke opacity was observed by a qualitative comparison of the soot 
collected on Pallflex filters from undiluted exhaust gas sampled directly from the exhaust line for 
the total duration of each test. Again, this is in line with what is known from the literature. 
 Comparative test results in transient mode were also carried out and assessed, with B70 and B0 
fuel.  
 The decreased volume heating value of the biodiesel explains the deterioration in engine 
performance during speed transients at high loads.  
 The effect of the B70 blend on the dynamics of the main fuel injection parameters (common rail 
pressure, pilot and main injection advance and duration) was measured and explained based on 
the ECU maps and control strategy.  
 Certain improvements are suggested to the ECU maps that could allow engine operation at high 
biodiesel blends without significant loss in engine performance or deterioration in transient mode 
emissions. The maximum fuel delivery per stroke is proposed to extend by about 10%.  
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 Continued operation of the engine with the specific, high biodiesel fuel blend, resulted in the 
failure of the high pressure fuel pump. Based on this experience, it was decided to continue the 
tests with lower percentage of biodiesel blending. 
 In the second part of this thesis, the experiments were shifted to a single-cylinder, conventional 
high speed Diesel engine, with lower biodiesel blends (B0, B20, B40). The objectives in this part 
were to study the effect of biodiesel to the conventional injection and combustion, and especially 
to the behavior of the Diesel Particulate Filter in loading and regeneration mode. 
 Decreased air to fuel ratio values overall were measured with the B20 and even more decreased 
with the B40 blends, as expected. This decrease was extended also to the medium-to-high load 
range. It is explained by the associated drop in engine efficiency. 
 The effect of the decreased volume heating value of the biodiesel on the brake specific fuel 
consumption was confirmed. Engine efficiency was observed to change with biodiesel, presumably 
due to the low injection pressures (200 bar) and larger droplet sizes that delay fuel burning rate.  
 The effect of the B20 to B100 blends on the injection behavior was assessed by means of flow 
visualization and LDV measurements of droplet velocity and size distributions, at 200 bar and 10 
bar injection pressures at ambient temperature and pressure conditions.  
 Reduced PM emissions and smoke opacity was again observed by a qualitative and quantitative 
comparison of the soot collected on Pallflex filters from undiluted exhaust gas sampled directly 
from the exhaust line. This is in line with what is known from the literature. 
 Special emphasis was given to the study of the loading and regeneration behavior of a small-size, 
unit Diesel Particulate Filter installed on the single cylinder engine. Comparative test results in 
loading and regeneration mode were carried out and assessed, with B0, B20 and B40 fuel, assisted 
by 50 ppm DPX9 Ceria fuel additive. The 1-D regeneration propagation along the filter was captured 
by means of infrared thermography. 
 The most important observation made in the loading and regeneration experiments with the 
conventional, low pressure injection engine, is the quite favorable effects on particulate (mass and 
number) emissions, filter loading and regeneration behavior even with the B20 fuel, without any 
modification to the engine and injection system control. 
 The observed benefits as regards the DPF extend also to the faster evolution of regeneration and 
the lower overall filter wall temperatures with favorable effects on the filter durability.    
 As a general conclusion, it should be emphasized that the production and use of biodiesel in 
Thessaly, that was an important motivating force behind this thesis, remains a valid option today, in 
view of the increasing fuel prices, the significant fuel needs of the agricultural operations and the 
resulting good profitability of energy crops. The use of low –to- medium percentage biodiesel 
blends will be a workable solution both for the common rail engines of modern agricultural tractors 
and the wide variety of older equipment that is and will be in use for many years to come.   
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